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A. G. Waggoner 


Alvin G. Waggoner was born in Carlisle, Pa., on 
March 11, 1921. After receiving the B.S. degree in 
metallurgy from Massachusetts Institute of Technol- 
ogy, Cambridge, Mass., in 1942, he joined the Cramp 
Shipbuilding Company, Philadelphia, Pa. In his four 
years there, he was employed first as a Laboratorian in 
the experimental and test laboratory, and then as Super- 
visor and Company Metallurgist, working on metallur- 
gical and materials problems and specifications, and the 
technical aspects of production methods, particularly 
welding. The results of two of these projects were pub- 
lished in the Welding Journal. Along with W. B. Brooks, 
the co-author of one of these projects, he patented alloy 
steel in 1949. During this time, he studied business 
administration at the Alexander Hamilton Institute, 
New York, N. Y. 

After World War II, he joined the staff of the Applied 
Physics Laboratory of Johns Hopkins University, Silver 
Springs, Md. There, from 1946 to 1949, he served as an 
Associate Engineer and Administrative Assistant and 
as Secretary of the Bumblebee Guided Missiles Propul- 
sion Panel. 

In 1949 he began his career with the guided missiles 
and aeronautics groups of the research and develop- 
ment organization of the Office of the Secretary of De- 
fense. He was with the Committee on Guided Missiles 
of the Research and Development Board until Decem- 
ber, 1953, acting first as Panel Coordinator and Con- 
sultant to the committee in the fields of metallurgy and 
materials, and propulsion and fuels, and later as Deputy 


Executive Director. In 1954, he became Secretary of the 
Technical Advisory Panel on Aeronautics of the Office 
of the Assistant Secretary of Defense (Research and 
Development), where he served until he joined the 
missiles activity of the Office of the Secretary of De- 
fense. From 1955 to 1959, with the exception of a short 
period he held the position of Executive Secretary of 
OSD Ballistic Missiles Committee, which he helped to 
organize. Also during 1956 to 1959, he was Executive 
Assistant to the Director of Guided Missiles. In 1959 
he was appointed Special Assistant for Guided Missiles 
and Space Operations to the Director of Defense Re- 
search and Engineering. He was asked to organize the 
Office of the Assistant Director, Defense Research and 
Engineering (Ranges and Space Ground Support) in 
1960, and was made Assistant Director. In 1961 he again 
became Special Assistant (Space) to the Director, De- 
fense Research and Engineering. In June, 1961, he left 
the Department of Defense to join Airborne Instru- 
ments Laboratory as Executive Assistant to the Di- 
rector, Research and Systems Engineering Division, the 
position he holds today. 

Mr. Waggoner is a member of the American Society 
for Metals, the American Welding Society, the Amer- 
ican Institute of Mining and Metallurgical Engineers, 
and the American Rocket Society. Among the various 
awards he has won for outstanding performance and 
leadership are the William A. Jump Memorial Award 
and the Department of Defense Distinguished Civilian 
Service Award. 
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Guest Editorial 


HE magnitude of the range instrumentation job 
which arises from the demands of the Space Age 
is our challenge as this issue goes to press. The 
constantly changing, increasingly stringent, and varied 
support needs of the re-entry programs, the manned 
satellites, the rendezvous programs, and the deep-space- 
exploration programs impose a requirement for an un- 
precedented rate to increase in the technical capabilities 
of our ranges. Unless the planning and incorporation of 
new ideas and techniques are initiated now our range 
technology and capability will become the pacing factor 
in our missile and space programs. As one step, the 
already close working relationship of the Atlantic Mis- 
sile Range, the Pacific Missile Range, and the White 
Sands Missile Range must be further directed toward 
such common advanced objectives as near-real-time 
communication and data handling for specific task op- 
erations on a unified world-wide basis. 

To meet the needs of the foreseeable Space Age pro- 
grams practicably requires certain actions and changes 
in attitude. 1) Because of the increasing lead times re- 
quired for instrumentation development, research per- 
sonnel responsible for future programs requiring range 
support must establish an earlier understanding with 
range personnel on range capabilities and program 
needs. 2) The three ranges, with the assistance of the 
users, must achieve the maximum standardization of 
instrumentation systems so that costs may be reduced, 
operational and maintenance programs simplified and a 


higher degree of compatibility among the three ranges 
attained. 3) Range program planners must be more re- 
ceptive to new ideas that will advance the state-of-the- 
art and provide an increased capability with equivalent 
or, if possible, decreased instrumentation. 4) Recogniz- 
ing the economics associated with the billion-plus-dollar 
investment in our national ranges, the users must insure 
that their test requirements not only are valid but 
also represent an optimized step toward advancing the 
state-of-the-art. The achievement of these objectives 
demands closer liaison between industry and the ranges. 

For the United States “to take a clearly leading role 
in space achievement” is the stated intent of the Presi- 
dent. The keystone of such achievement is the sophisti- 
cated instrumentation and use of our national ranges. 
To this end, the capabilities and growth potential of our 
ranges must be maintained and fully supported. 

As Guest Editor, and on behalf of the officers and 
members of PGMIL, I thank the contributors to this 
issue of the TRANSACTIONS, as well as the many persons 
who submitted excellent papers that space limitations 
prevented us from publishing. We hope that subsequent 
issues highlighting this critical area may be published 
in the near future. I also wish to thank Commander 
F. P. Morrison, USN, Office of the Assistant Director 
(Ranges and Space Ground Support), ODDR&E, and 
W. H. Boone, Office of Electronics, ODDR&E, for their 
outstanding assistance in the preparation of this issue. 

ALVIN G. WAGGONER 
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Microwave Telemetry at U. S. Missile Ranges* 


G. F. BIGELOW}, MEMBER, IRE, T. B. JACKSON], SENIOR MEMBER, IRE, AND 
R. T. MERRIAM||, sENIOR MEMBER, IRE 


Summary—An orderly plan has been prepared covering the im- 
plementation of UHF radio telemetry on the country’s missile ranges. 
Requirements have been drafted for UHF systems to be developed 
by 1970. Programs have been launched to transfer the requirements 
into equipment. Preliminary standards have been established. 

Today, UHF telemetry links are utilized for a limited number of 
projects. Currently a high-performance UHF link is expensive, large 
in size, and complex. One must use a transmitter that may weigh 12 
to 50 pounds, that has a volume of 250 to 1000 cu in, and that has an 
over-all power efficiency of 2 per cent for an 8 to 10 watt output. Its 
cost may be 10 times that of a 5-watt VHF transmitter. Automatic 
tracking systems are required but are not generally available. Special 
preamplifier-converters are also necessary. Because of these factors, 
UHF telemetry is used, at present, only by a few missile projects. 

Obviously, we must continue to advance the state-of-the-art 
until a spectrum of microwave devices is available to fill the needs 
of the majority of telemetry users. Economy, as well as technical 
capability and flexibility, will be the mark of these developments. 


INTRODUCTION 


HF telemetry, operating in the 215—260-Mc band, 

\ is a well developed communications link. Effec- 

tive and thorough standards control its use to the 
benefit of military as well as commercial testing pro- 
grams. However, this band is shared by other users and 
will virtually exclude telemetry by 1970. 

To accommodate telemetry in a protected band and to 
provide additional usable channels, allocations have 
been established in two UHF bands—1435 to 1535 Mc 
and 2200 to 2300 Me. 

This paper deals with problems and solutions to prob- 
lems of implementing these UHF telemetry bands on 
Department of Defense test ranges. An attempt is made 
to clarify requirements and schedules for that effort. 

Nontechnical features of the subject to be discussed 
will be divided into (1) range operator problems, (2) 
range user problems, and (3) equipment manufacturer 
problems. Detailed technical aspects are discussed first 
from a system standpoint. Airborne transmitters, an- 
tenna systems, and receivers will then be referred to 
separately. 


RANGE OPERATOR PROBLEMS 


By official directive, the various Government ranges 
are faced with the problem of vacating the 215-260 Mc 
telemetry band by January 1, 1970. Very limited use of 
this band after 1970 may be permitted on a noninter- 
ference basis but hopes for any priority status in this 


* Received by the PGMIL, May 29, 1961. This work was done 
in cooperation with the Telemetry Working Group of the Inter- 
Range Instrumentation Group, China Lake, Calif. 

+ White Sands Missile Range, White Sands, N. Mex. 

t Naval Ordnance Laboratory, Corona, Calif. 

|| Naval Ordnance Test Station, China Lake, Calif. 


area have been dispelled by repeated comments from 
those who control our frequency allocations. 

Two areas in the UHF (300 to 3000 Mc) region have 
been assigned for telemetry occupation and, if no un- 
foreseen technical obstacles prevent the move, most, if 
not all, range telemetry will be conducted in the 1435— 
1535-Mc and 2200-2300-Mc bands after the 1970 date. 
One basic nontechnical difference exists between these 
two bands: the 1435-1535-Mc band is a “Government/ 
non-Government” assignment and is specifically planned 
for partial occupancy by manned aircraft telemetry 
service; the 2200-2300-Mc band is a “Government as- 
signment,” and it is subject to the same allocation pro- 
cedures as the present 225—260-Mc band. 

At the outset, the prospect of a major frequency shift 
presented the range operators with a host of new prob- 
lems. No range had suitable ground-station equipment 
for use in the new bands; little or no practical experience 
was available for background reference; propagation 
anomalies were an unknown factor. In short, the RF 
link presented anew all of the problems which beset the 
telemetry industry in its shift to the 216-225-Mc band 
some twelve years ago. 

It was felt from the beginning that the missile-borne 
equipment would offer serious problems, and that so- 
phistication in ground receiving equipment could be 
more easily accomplished. Subsequent developments 
have proven this to be true. 

As recently as three years ago, studies indicated that 
the 225-Mc band was an “optimum” band for telemetry. 
This was on the basis of all factors: transmitter, receiver, 
and antenna systems. One of the heavily contributing 
factors was the difficulty of manufacturing low-noise 
receivers above about 300 Mc. The advent of masers 
and parametric amplifiers provided the “breakthrough “ 
that was needed to push the “optimum” band consider- 
ably higher than the 300-Mc figure and, today, there is 
little to choose between the proposed bands and our 
capability in the lower band one or two years ago. Fur- 
ther improvement through the use of phase-lock or 
correlation techniques is being rapidly carried forward. 

We were also aware that further improvement could 
be expected through added complexity and refinement 
in our antenna systems. The bulk of antenna systems in 
use today have gains of from 8 to 17 db above isotropic. 
The truly deluxe installations such as the TLM-18 or 
similar antennas in use at larger ranges offer gains to 35 
db. By incorporating aided or self-tracking features, and 
by narrowing beamwidth by element phasing or by the 
use of larger parabolic reflectors, it is a fairly easy matter 
to use presently known techniques to achieve 17 to 50 
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db or even higher gains in the antenna systems at the 
new frequencies. While the cost of these improvements 
will be greater than we now accept as “normal” for 
ground systems, we must balance the obvious advan- 
tages of improving the relatively few ground stations 
against the staggering cost of achieving these same gains 
in the missile-borne portion of the RF link. 

Training operators for proficiency in the microwave 
regions will most likely be accomplished during the 
evaluation phases of the new hardware. Preliminary 
theoretical and practical studies do not forecast any 
insurmountable problems for propagation at the new 
frequencies. Flame attenuation and re-entry skin effect 
will undoubtedly offer difficulties, but the latter is ap- 
parently a factor with so many variables that no one 
frequency allocation can solve it. For the conventional 
missiles which are fired over relatively short ranges, the 
problems will probably be little different than those of 
today. 


RANGE USER PROBLEMS 


As in the case of the range operator, the range user is 
also faced with a host of new problems. His, however, 
are of a very practical nature, if the telemetry design 
engineer and the range operators perform their tasks 
fully. 

He is primarily concerned with size, weight, cost, and 
performance. In the mind of the missile manufacturer, 
for the ideal system a minimum in the first three factors 
and a maximum in the fourth are desirable. Because the 
present-day telemetry package has reached a high per- 
formance plateau from the standpoint of data return, 
the manufacturer will be satisfied with no less than 
currently obtainable performance, and he is already 
demanding higher performance systems to cut down on 
total development time. 

The long time required to change from one missile 
antenna system to another is typical of the long lead 
time required for nearly all components. It is generally 
agreed that omni-directional or, at least, broad-beam 
patterns are essential. Design of the antenna itself 
should be straightforward. The very fact that the new 
frequencies will impose new dimensions on the antenna 
is the chief problem. It has been reliably estimated by 
missile manufacturers that given a new design of an 
antenna to be installed in a missile, it will require ap- 
proximately three years before the missile with new 
antenna is rolling off the production line. Electronic 
engineers must design it; aeronautical engineers must 
position it and fabricate a new wing or compartment for 
it; draftsmen, Government project representatives, 
company management, funding and a host of related 
factors will add to the lead-time. 

Another problem is that of cost. Current prototype 
transmitters which would meet requirements stated 
later cost from $10,000 to $30,000 each. While this 
might be acceptable for the large complex missile which 
costs many millions of dollars, it is out of the question 
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for small, high-firing-rate missile projects. Industry 
must be encouraged to amortize engineering and design 
costs as quickly as possible, and to recognize that the 
design of a low-cost basic unit is one of the primary 
goals. It is estimated that the ceiling for this basic unit 
(the 2-5 watt output) must stay under $1000. Small 
missile programs with firing rates of 200 to 300 per year 
simply cannot afford transmitter costs that are in excess 
of the current costs for the entire telemetry package. If 
solid-state development bears fruit, it is conceivable that 
the present high-priced components will undergo rapid 
and drastic price reduction when production steps up. 


EQUIPMENT MANUFACTURER PROBLEMS 


In general, the telemetry equipment manufacturer is 
faced with several problems that either deter his entry 
into the UHF telemetry field or tend to impede develop- 
ments that have been undertaken. 

Perhaps the greatest problem that the typical manu- 
facturer has to cope with today is that of determining 
what will be required in the way of telemetry trans- 
mitters, receivers, and antennas for the 1435—1535-Mc 
and 2200—2300-Mc bands during the next three to five 
years. Lack of published standards and time schedules 
for microwave-telemetry links, other than those recom- 
mended by the IRIG Telemetry and Frequency Co- 
ordination Working Groups, and, in some instances an 
unfamiliarity with the requirements for shifting to the 
UHF band has placed many manufacturers in the posi- 
tion of considering microwave telemetry as an unim- 
portant problem that will not have to be faced for at 
least several years. 

It appears that the needs of the manufacturer and 
user alike can best be served at this time by establishing 
realistic guidelines and design objectives that will 
eventually have to be attained if UHF telemetry user 
groups are to be provided with equipment to satisfy 
contemplated program requirements. This type of in- 
formation would be particularly useful to manufacturers 
developing system components in the UHF telemetry 
field. 

Last, but not least, of the problems faced by the 
manufacturer or any group involved in development of 
UHF telemetry equipment, is the high cost involved in 
designing and fabricating assemblies. Lumped constants 
are generally not applicable at these frequencies, and 
cavity or line-type configurations, which are more costly 
to design and manufacture, are required. Electron-tube 
devices that are useful at these frequencies become very 
special; size and shape factors become very important 
in design, and again result in more costly construction. 
High development cost, high cost to the user and the 
high cost involved in continually improving UHF 
equipment to prevent its becoming obsolete in terms of 
size, weight and performance, all have an adverse effect 
on the availability of equipment suitable for use in 
microwave telemetry systems. 
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TELEMETRY WORKING-GROUP INVOLVEMENT 


The TWG, since 1956, has been aware of the problem 
and has used various approaches toward coordinating 
efforts in development of UHF equipment to meet the 
1970 deadline. At the present time, the Radio Links 
Committee of TWG is conducting an industry-wide 
survey of equipment availability. NASA members are 
conducting a survey of space and satellite developments 
which are pertinent, and frequent reports are being 
forwarded to the IRIG Steering Committee indicating 
progress and predicting bottle-necks. These reports 
have generated various development contracts, and 
progress has been made. The Air Force has been active 
in this because of the urgency of requirements in the 
1435-1535-Mc band for high-performance manned air- 
craft, and because of a number of classified satellite 
programs. The Navy Bureau of Weapons sponsored a 
survey of “Design Objectives for Telemetry RF Trans- 
mission Links for the Period 1960-70.”! Ii TWG does its 
work well, DOD and the ranges will be fully aware of 
the problems and the requirements during this develop- 
ment period. 


SysTEM REQUIREMENTS 


An examination of system requirements suggests that 
a standard system should be established for some rea- 
sonable, minimum range. The standard system param- 
eters could then be modified to accommodate extended 
ranges. 

The popular method used for establishing any system 
with a particular range is to make range calculations 
and then draw conclusions as to how much transmitter 
power or antenna gain is required. Fig. 1 depicts the 
current and future performance characteristics of UHF 
and VHF radio links. Note that present day UHF links 
are much less reliable than VHF, because free-space loss 
between isotropic sources for 2200 Mc is 20 db greater 
than for 220 Mc. The advantage in gain shown by the 
1970 UHF system will provide the much needed fade 
margin or additional gain depending on the application. 
Future users will have the prerogative of using this ex- 
pected fade margin to reduce the power output of the 
transmitter and, therefore, its size and weight. 

While range calculations are a useful tool, it is the 
factors primarily of cost and secondarily of size and 
component availability that determine ultimate system 
performance. With that as a reference, it is appropriate 
to discuss range requirements as a function of cost, with 
bandwidth as a common denominator. IRIG document 
106-60 has standardized a maximum RF bandwidth of 
1.5 Mc which is a useful figure for this case. 

First, for a system that will perform over a 50- to 100- 
mile path, one would expect to use transmitters that are 


1 Survey results are contained in NAVWEPS rept. No. 7161 
Bs Ha 538, January 1, 1961. This report is currently ee 
updated. : 
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Fig. 1—UHEF telemetry system normalized to a VHF system. 


available today with an output power of 10 watts, a 
manually-directed antenna, a simple converter, and 
currently used VHF receivers. This system can be pur- 
chased for $10,000. 

The next step in range is a large one, that is to about 
3000 miles, which is mostly due to the high gain of auto- 
matic tracking antennas. For an improved transmitter, 
but with the same output power, a high-gain automati- 
cally directed antenna, a low-noise preamplifier, the 
same converter and an improved receiver, a cost of 
$100,000 is to be expected. 

Finally the same system as above but with a power 
amplifier for the transmitter would cost only about 
$2000 more to provide whatever range is desired. The 
limiting factor here becomes the ability of the test 
vehicle to carry the additional weight. Larger antennas 
may be considered if a relatively unlimited budget is 
available. 

It should be noted that none of the above range esti- 
mates accounted for a fade margin. Several factors 
tend to compensate for this point. As a long-range com- 
munication medium, the UHF band is fairly well lo- 
cated. Atmospheric, man-made, and extra-terrestrial 
noise sources combined are at a minimum in this band. 
Therefore, propagation anomalies are at a minimum, 
and the very low noise preamplifiers may be fully 
utilized. 

Detailed technical requirements of the system are 
expressed in the following sections. 


TRANSMITTING SYSTEMS 


Requirements for UHF telemetry systems have 
evoked a profusion of suggested designs for microwave 
transmitters, probably the weakest link in the RF trans- 
mission chain. While requirements have been easy to 
establish, their fulfillment is much more difficult. 

As an example, consider several of the suggested 
schemes for generating the modulated UHF signals in 
the airborne system. These include 1) modulating an 


1961 


exciter at a low frequency and afterwards multiplying 
to the UHF band; 2) modulating a UHF exciter directly; 
3) translating a modulated low-frequency carrier to the 
UHF frequency. Even combinations of these schemes 
may be used. Complicating the problem are the inter- 
effects of deviation linearity, stability, and use of solid- 
state devices or tubes in the circuitry. In addition, 
telemetry engineers are wont to talk in terms of travel- 
ing-wave tubes, magnetrons, klystrons, triodes, tet- 
rodes, transistors, and diode multipliers as power out- 
put devices. While one or two of these are now work- 
able, it will probably be 3 years before one is clearly 
optimum for telemetry usage. 

Salient requirements are listed below for a typical 
1970 FM transmitter: 


Frequency 
Center: 2200-2300 Mc or 1435-1535 Mc 
Accuracy: +0.001 per cent 
Stability: +0.001 per cent 


Deviation 
Modulation: de to 1 Mc 
(hotles Icom 


Linearity: +0.5 percent to +250 kc, +1 per cent 
tone 200 ke Eo per cent to-1-Mc orover, 
Incidental FM: +5 ke maximum 
Environment 
Vibration: +15. ¢ 
Temperature: —20°C to +150°C 
Size: 50 cu in 
Weight: 5 pounds 
Over-all Power Efficiency: 25 per cent 


Slot antennas are already available for transmission 
in this band and operate effectively. 


RECEIVING SYSTEMS 


The UHF telemetry receiving system in its simplest 
form may consist of a fixed, low-gain broad-beam an- 
tenna and a single receiver. However, such a system 
would serve adequately only as a pre-flight monitor or 
for recording very short-range test flights. At the other 
extreme, a requirement exists for a completely auto- 
matic UHF telemetry receiving system that will provide 
high-gain capabilities for long-range reception, fast 
acquisition of a target, and the ability to track the tar- 
get at high angular velocities with automatic selection 
of the most suitable antenna beam pattern. These quali- 
fications are to be satisfied with unattended operation 
of the system. In between these two extremes is a re- 
quirement for a general-purpose microwave-telemetry 
receiving system suitable for use on the test ranges in 
connection with the general flight testing of missiles and 
aircraft. A receiving system is proposed that satisfies 
the majority of these requirements as well as the re- 
quirements set forth in present IRIG Telemetry 
Standards or additions thereto now under considera- 


tion. 
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ANTENNA SYSTEM REQUIREMENTS 


Radar systems development has provided an exten- 
sive background of technique and equipment directly 
applicable to automatic-telemetry tracking require- 
ments. Very little need be added to adapt these systems 
to telemetry service. A statement of requirements is in- 
cluded in lieu of a discussion on techniques. Costs and 
auxiliary requirements will determine which technique 
is to be used in any particular situation. Major require- 
ments for a general-purpose system are: 


Tracking 
Acceleration: 30° per sec? 
Velocity: 30° per sec 
ACCULACyVeask t 7 
Size: 10 ft to 12 ft parabola or an array that will yield 
the gain of the 10 ft to 12 ft parabola 
Frequency: Both UHF telemetry bands 
Acquisition Capability: Must be determined on an 
individual Range basis. 


TELEMETRY RECEIVER 


If the additional propagation losses encountered in 
shifting from the 225-Mc band to the 1435- or 2200-Mc 
region are to be offset effectively, it becomes necessary 
to make improvements not only in radiated power and 
directional antenna characteristics but also in receiver 
sensitivity characteristics. Use of such new devices as 
parametric, maser, or low-noise traveling-wave tube 
amplifiers offers considerable possibilities for obtaining 
microwave receiver systems with improved sensitivity 
characteristics through reduction of front-end noise. If 
these devices are to be utilized to full advantage, how- 
ever, it becomes necessary to mount them in close prox- 
imity to the antenna feed system, and to consider the re- 
ceiver as made up of at least two major assemblies 
physically separated from each other. The receiver 
front-end or “preamplifier-converter,” to be mounted as 
part of the receiving antenna assembly, consists of a 
low-noise amplifier, frequency converter, filters and re- 
lated components. The main portion of the receiver or 
the “channel selector” provides the normal receiver 
functions of channel selection, amplification, bandwidth 
determination, and detection of desired signals. The 
proposed receiving system requires signals in the 1435— 
1535-Mc band or the 2200—2300-Mc band (or any other 
microwave band 100 Mc or less in width) to be con- 
verted at the antenna to the 200—300-Mc band. The use 
of a multicoupler or distribution amplifier between the 
converter output and the input to the main portion of 
the receiver provides for distribution of received signals 
to more than one channel selector, and thus permits 
simultaneous selection of several transmitter channels 
where more than one transmitter and/or more than one 
type of modulating signal is employed for a given flight 
test. 

The basic receiver may be designed to handle FM/ 
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EM, PDM/FM and PCM/FM signals without design 
modifications. Modular type plug-in or replaceable as- 
semblies could be used as a means of accommodating 
any one of the various types of modulation specified. 

It should be noted that the system as proposed will, 
in some cases, allow the use of existing telemetry re- 
ceivers (which operate in the 225—260-Mc band) in 
place of the main portion of the receiver or channel se- 
lector. Good sensitivity characteristics can be obtained 
in the 225-Mc telemetry band by using a low-noise pre- 
amplifier ahead of the channel selector or main receiver. 
These features are particularly important during the 
transition period (1960-1970) when programs will be 
shifting from the VHF telemetry band to one of the 
UHF bands. 

Main utilization of modular type construction will 
allow considerable flexibility of receiver characteristics 
through interchange of assemblies such as IF strips, 
filters, and other major circuit portions of the receiver. 

A summary of required performance characteristics 
for the major units of the proposed telemetry receiver is 
outlined below. 


Preamplifier- Converter 


Frequency range: 1435-1535 Mc; 2200-2300 Mc 

Noise figure: 4 db or less (initial objective); 2 db or 
less (final objective) 

Local oscillator stability: +0.001 per cent of received 
frequency (initial objective); +0.0005 per cent of re- 
ceived frequency (final objective) 

Preselector: A preselector unit designed to reject sig- 
nals outside the designated bands of 1435-1535 Mc or 
2200-2300 Mc should be provided ahead of the pre- 
amplifier, to prevent unwanted signals at the antenna 
output termination from causing nonlinear operation 
of the preamplifier. Some installations may require the 
use of additional rejection-type filters to minimize 
interference from specific high-power equipments lo- 
cated in close proximity to the telemetry receiving an- 
tenna. 

Attenuator: The receiving system should be capable 
of linear operation with signal amplitudes up to 50 mv 
rms at the antenna output termination. An automatic 
attenuator may be required ahead of the preamplifier 
to prevent nonlinear operation with high-level signals 
within the passband. 

Image rejection: Greater than 60 db 

Gain: 20 db or more in the passband 

Output: 200 to 300 Mc; 100-Mc bandwidth centered 
at 250 Mc 


Main Receiver 


Frequency tuning range: 200 to 300 Mc 

Type of input signal: FM/FM, PDM/FM, PAM/ 
FM, PCM/FM 

Noise figure: Sufficient to maintain over-all system 
noise figure at approximately that specified for the pre- 
amplifier 
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IF rejection: Greater than 80 db 

Image rejection: Greater than 60 db 

First local oscillator: Stability +0.001 per cent 

Second local oscillator: Tunable +175 ke from front 
panel 

IF bandwidth: 12.5, 25, 50, 100, 300, 500, 1000 and 
1500 kc, should be available as plug-in units 

Discriminator: Linearity +0.5 per cent or better to 
+ 250 kc, 1 per cent or better to +500 kc, 5 per cent or 
better to +1 Mc or over. 

Video bandwidth: Basic response of 10 cps to 1.5 Me, 
maximally linear phase-response filters with slope of 36 
db/octave to provide cutoff frequencies of 6.25, 12.5, 
25, 50, 100, 200, and 400 kc, should be available as 
plug-in units. 

Phase-lock capability: Provision should be made for 
receiver to employ phase-lock detection as an optional 
feature. 

AFC: Normal automatic frequency control circuitry 
plus provisions for gated AFC when used with PAM/FM 
or PCM/FM signals. 


EXISTING SYSTEMS 


Little can be said for the capabilities of UHF te- 
lemetry systems available as standard items today. 
Transmitter development has received the most atten- 
tion, and a 10-watt 12-pound FM/FM package is avail- 
able having a volume of 250 cu in, including power sup- 
ply, that meets most of the ultimate requirements. Fre- 
quency stability is 0.005 per cent. Programs are in 
progress to develop tracking antennas designed pri- 
marily for the UHF band. Preamplifier-converters are 
available. 

The airborne antenna system may be considered to 
be an isotropic source. The receiving antenna is a single 
helix with 13-db gain. The preamplifier-converter re- 
ceiver performs as follows: 


Noise figure: 7 db, 
Bandwidth: 500 kc, 
S/N ratio required: 13 db. 


With no fade margin this system will operate over a dis- 
tance in excess of 100 miles. This may be termed the cur- 
rent capability of UHF telemetry. A quick reference 
compilation of this information is made in Table I. 


ADDITIONAL EFFORT REQUIRED 


Because of the rapid pace of development activity in 
all phases of the microwave radio link, it is felt that by 
1965 telemetry users may expect to utilize this new band 
with almost no restrictions. Small, efficient transmitters 
are currently being developed which will be satisfac- 
tory. In addition, solid-state devices are nearing feasi- 
bility and are being developed for this specified applica- 
tion. The major remaining problem is to miniaturize 
the airborne package. Microwave airborne antenna sys- 
tems exist which are already an improvement over the 
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TABLE I 
CHARACTERISTICS OF UHF TELEMETRY LINKS 
Range = : Ground Receiver Total E 
4 I arate Tota xpected Cost 
Requirement Cease Antenna Convener WHER ceiver Initial Cost in 1970 
50 to 100 miles 10 watts 13-db gain 10-db N.F. 
0.01% stability 
$5000* $400 $2100 $2500 $ 10,000 $ 4000 
100 to 2500 miles 10 watts 36-db gain 4-db N.F. 
0.001% stability 
$9000* $80,000 $8500 $2500 $100,000 $90,000 
2500 to 108 miles 710 watts 50-db 2-db N.F. 
$15,000* $500,000 $15,000 $3000 $500,000 $90,000 and up (de- 
pending upon range) 


* These prices should be drastically reduced with the advent of large production runs. 


Note: Only a small fade margin is available in each case. 


VHE types. Tracking antenna systems for UHF have 
been and are now under development, and are expected 
to be operative this year. All of the national ranges, and 
other ranges as well, have been active in procuring 
tracking antennas for VHF as well as microwave bands. 
Receiving capability exists to virtually the full extent 
since one may have the full capability of a VHF receiver 
at microwave frequencies with but just the addition of a 
preamplifier converter. Receiver manufactuers have 
made available receivers with almost full capability 
with respect to the IRIG-TWG standards. The major 
development required is the designing of receivers to 
accept inputs from 200 Mc to 300 Mc. 

Between now and 1965, the variety of output power 
devices discussed earlier must be investigated and a 
decision made as to which is optimum for use in the typi- 
cal telemetry system. There are also a number of modu- 
lation and mechanical design techniques to be refined. 
As previously mentioned, the basic configuration of the 
transmitter system requires further design. As yet it is 
not clear that any one method of achieving the required 
stability, output, and modulation is superior to all 
others. 

Sustained and coordinated design and development 
will be needed to complete the task on time. The pre- 
dicted date for field evaluation of prototypes during 
FY 63 is still valid. While final production proto- 
types will not be available at this time, many of the 
basic problems in propagation, field strength measure- 
ments, RF link gains, stability, and modulation will 
undergo actual field testing, and a background of expert- 
ence will be built up. 

During this period and not later than at the conclu- 
sion of field testing, firm engineering design must be 
fixed for the first limited production quantities of the 
critical hardware. The FY 64 and FY 65 period will be 
used in establishing ground-station equipment require- 
ments and building up both range capability and pro- 
duction. It is estimated that ranges that have not al- 
ready established a capability by 1967 will find “crash” 
programs in order. Missile programs starting up in the 


1965-67 period, whose predicted life is over five years 
will find it advantageous to instrument for the new 
telemetry bands at the beginning in order that they not 
be faced with expensive and program-delaying changes 
in the middle of a program. Programs which are phas- 
ing out during this time undoubtedly will continue to 
use the current VHF band. 


FREQUENCY ALLOCATION PROBLEMS 


The major problem, that of securing a block of fre- 
quencies for development and future operations, has 
been taken care of by recent action of the frequency 
assignment agencies. Our only fear is that lack of sus- 
tained effort to shift into the new frequencies will result 
in encroachment by other services. The entire spectrum 
is at such a premium that those charged with allocations 
cannot allow large, unused portions of the spectrum to 
remain dormant for long. 

Efforts are already underway to accommodate space 
and satellite telemetry in adjacent or nearby bands. The 
obvious advantage of such an arrangement would be in 
sharing hardware or design criteria. There are high-level 
international aspects which will govern these matters, 
however, and the telemetry industry can do little more 
than offer consultation and carry on active missionary 
effort in this regard. 

The more practical aspects of allocation of specific 
frequencies at each range will be well controlled by the 
area and local frequency coordinators. Members of 
FCWG have been active in their planning for the telem- 
etry shift since 1956 and have already published guide- 
lines for operations in the 1400- and 2200-Mc bands in 
their “Parameters and Criteria.” Close cooperation be- 
tween FCWG and TWG will reduce these problems to 
the minimum. 

It may be categorically stated at this time that fre- 
quency scrutiny and control will be much more strin- 
gent than that encountered by the telemetry industry 
over the past 14 years. Excessive band occupancy, 
drift, instability, and other evidence of poor design will 
not be tolerated in these bands and accurate test equip- 
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ment will be available at the ranges to monitor the RF 
link. 
CONCLUSIONS 

There are one or two obvious conclusions that can be 
drawn: the task is not an easy one, and everyone con- 
cerned will have to constantly keep the January 1, 1970 
date in mind. 

In design, the goal will have to be for small, efficient, 
low cost airborne equipment. Where the new modular or 
molecular techniques are applicable, they must be em- 
ployed for reliability and size considerations. To fully 
utilize these, however, rapid strides will have to be made 
and production costs will have to be reduced drastically. 
Early prototypes will, undoubtedly, use more conven- 
tional techniques. 

Management in both industry and government will 
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recognize that such a major change will require funding 
in excess of that normal for the past years. A consider- 
able amount of “in-house” funding by industry will have 
to be accepted, but to those firms with enlightened man- 
agement, the returns will be great. 

More careful use of the frequency spectrum and 
tighter controls over transmissions will be in effect, and 
all concerned must realize the importance of frequency 
conservation. 

The present move will be carefully planned and 
supervised. Because a longer lead time has been given 
us than was true of the shift to the 220-Mc band, the 
shift should be far less painful. 

The present outlook is that all goals will be met in 
time for an orderly shift to the new region with a mini- 
mum of confusion and lost data. 


Information Bandwidth Problems in Instrumentation of 
Missile Flight Tests* 


WILLIAM E. MIMMACKfT 


Summary—tThe operation of missile fiight-test instrumentation 
systems at minimum bandwidth is an important economic considera- 
tion. Design of instrumentation systems may become difficult or 
impossible unless intelligently chosen bandwidth parameters are 
specified. Since nearly all missile flight-test instrumentation systems 
operate as sampled data devices, the bandwidth parameter shows 
up as a sampling rate requirement. 

It can be shown, under fairly general conditions involving no 
highly restrictive assumptions, that the rate of information acquisi- 
tion of a sampled-data instrumentation system, when considered as 
a function of sampling interval, has a maximum. This can be readily 
appreciated intuitively. For a position-measurement system, for in- 
stance, if the sampling interval is made very short, the amount of 
information gained with each subsequent sample is very small be- 
cause of the large amount of prior information about the position of 
the object being measured. No information would be gained if a 
sample were taken an infinitesimally small time after an initial 
measurement. Also, a very long time interval between samples 
would permit considerable growth of ignorance about the object’s 
position, but the logarithmic information-gain function would grow 
slowly compared with ¢'; so the information rate for long sampling 
intervals would also be a small number. Somewhere between these 
two cases lies at least one maximum in information rate. 

The selection of a sampling rate corresponding to the maximum 
information rate is recommended as a good choice for many types of 
missile test instrumentation systems. General sampling-rate for- 
mulas are developed, as well as specific formulas for certain impor- 
tant types of instrumentation problems. 


* Received by the PGMIL, June 29, 1961. 
+ Range Instrumentation Dey. Div., White Sands Missile Range, 
N. Mex. 


I. INTRODUCTION 
A RECURRENT problem in missile flight-test in- 


strumentation is that of selecting an information 

bandwidth for the instrumentation svstem. The 
reason that this is a problem may perhaps be made clear 
by the following remarks. 

1) The instrumentation engineer must design and 
apply instrumentation systems to a great variety of mis- 
sile systems. 

2) The amount of advanced information about mis- 
sile-systems performance and requirements is always 
very scanty. 

3) The instrumentation engineer often has no knowl- 
edge concerning the ways in which the data taken with 
the instrumentation system are to be used by the mis- 
sile-system engineer ; indeed, the missile-system engineer 
could probably not, in advance, specify all of the uses 
which are to be made of data supplied by the test ranges. 

4) It is a fact of experience, at all the major test 
ranges of the country, that communications between 
missile-systems designers and range-instrumentation 
operators and designers are inadequate to permit selec- 
tion of instrumentation-system parameters satisfactory 
to both. 

5) There is normally a longer lead time in instru- 
mentation developments than in missile-system de- 
velopments, in spite of the often greater complexity of 
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the latter, because emphasis is not great on instrumenta- 
tion-system development until it is realized that a de- 
ficiency exists in the case of some critical missile test. 

These remarks apply to the selection of any basic 
parameter of an instrumentation system. With respect 
to the bandwidth parameter the following may be ap- 
plicable: 

1) The missile-systems test planner will normally 
urge use of large bandwidths, whereas the instrumenta- 
tion engineer will urge use of minimum bandwidths. 

2) Instrumentation bandwidth requirements 
often very arbitrarily specified in test directives. 

3) Information bandwidth may not be a familiar and 
important concept to instrumentation engineers who 
frequently specialize in instrument design in fields 
wholly unrelated to communications theory. 

The problem, briefly, is this: to permit an instru- 
mentation-system designer to specify an adequate min- 
imal-information bandwidth for his system, on the 
basis of very limited data concerning the use of the 
product of the instrumentation system and the per- 
formance of the missile system and instrumentation sys- 
tem. The instrumentation-system designer must find 
the upper limit required for all of the various types of 
missile systems which are to be tested. The instrumen- 
tation-system operator must be able to operate in such a 
way that adequate minimal bandwidth is used on each 
particular test. 

It is very important that the specification of instru- 
mentation bandwidth be possible with a small amount 
of advance requirements information. Normally the 
only information of this type available is the accuracy 
required of all the measurements made by the test 
range instrumentation complex, and some few missile- 
performance data which may include expected flight 
path, thrust, maneuverability, times of important events, 
expected velocity characteristics, and perhaps one or 
two other data. 

From the point of view of the operators of flight-test 
instrumentation systems, the use of these systems at 
minimum bandwidth is an important economic consid- 
eration. Since nearly all missile flight-test instrumenta- 
tion systems operate as sampled-data systems in which 
the final output is a digital quantity, the information 
bandwidth parameter shows up as a sampling-rate re- 
quirement. The bandwidth used, therefore, affects di- 
rectly the quantity of data taken, and thus the data 
processing time and cost are also directly influenced, 
except for a certain fixed cost entailed with the opera- 
tional overhead of the primary data-gathering ele- 
ments. The ultimate users of the data should also be 
influenced by the consideration that cost and time for 
extraction of required information will be in proportion 
to the instrumentation-system bandwidth. 

Besides the cost and processing time considerations, 
there is the fact that design of instrumentation systems 
may become difficult or impossible unless reasonable 
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and intelligently chosen bandwidth parameters are 
specified. As a simple example, if a permanent record is 
to be made by the instrumentation system, it may not 
be feasible to design a device which operates at a very 
high sampling rate and still provides adequate total 
record length considering the capacity of whatever data 
storage medium is used. Both instrumentation-system 
operator and designer have need of means for selecting 
minimum adequate bandwidth specifications. 

It is the thesis of the present communication that for 
a particular measurement required of an instrumenta- 
tion system the accuracy needed for the measurement 
(and perhaps other quantities related to the measured 
quantity as time integrals or derivatives), the missile- 
system performance, and bandwidth are interrelated. 
An attempt will be made to justify this statement and 
to explore ways to use information of this type to derive 
methods or formulas which may be used for instru- 
mentation-system bandwidth specifications. This ap- 
proach has several points in its favor, particularly that 
it is based on use of relatively few data which will al- 
most always be available; it is oriented toward the mis- 
sile system being tested rather than toward the capa- 
bilities or potential capabilities of the instrumentation 
system, and does not depend on the way the instru- 
mentation data are to be used eventually. It depends 
only on missile performance characteristics and the 
manner of presentation of accuracy requirements. The 
question of whether this is an entirely adequate ap- 
proach remains open; however, the arguments, when 
examined in detail, are convincing, and are intuitively 
acceptable immediately. 

Sampling rates are often established, for a certain 
measurand, by considering the necessity for smoothing 
the primary data, in order that derivative data (veloc- 
ities, etc.) of reasonable behavior may be obtained from 
the primary data. In the present discussion a sampling 
rate for each measurand will be obtained, without con- 
sideration of any data-smoothing processes, or the use 
of the data for obtaining derivatives. This is not to 
imply that the results will apply only to the primary 
measurements made by an instrumentation system, or 
that all derivative data must be measured directly. By 
whatever process derivative data are gotten, the band- 
width and sampling rate requirements established 
should apply. Thus, for example, if a position-measure- 
ment system is to be used to obtain velocity, it must 
have adequate bandwidth for the velocity-measure- 
ment requirement. 

The emphasis in this discussion will be on missile 
flight-instrumentation systems for trajectory measure- 
ment. For other types of missile flight instrumentation, 
e.g., telemetry systems, the situation is clearer, and 
there seems to be no need for discussion. It is expected 
that the results should apply to instrumentation sys- 
tems for measurement of missile position, velocity, 
acceleration, 7.e., the basic trajectory elements, as well 
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as systems designed for measurement of rigid-body rota- 
tions of the missile, 7.e., pitch, yaw, roll, angle of attack, 
GUE. 


Il. RELATION OF BANDWIDTH TO MISSILE 
PERFORMANCE AND INSTRUMENTATION 
ACCURACY 


It has been stated above that the accuracy required 
for a particular measurement and the missile system 
performance are related in a way which determines an 
upper limit to the bandwidth required of the instrumen- 
tation system. This can, perhaps, be better appreciated 
in terms of the following heuristic discussion. Since fre- 
quency domain specifications are sought, suppose that 
the missile is exhibiting oscillatory behavior in one posi- 
tion coordinate so that the path is described by a sinus- 
oidal function. 


% = asin wl. 


Suppose, also, that the agency conducting the test has 
stated a need for x position measurements to a one- 
sigma accuracy level of ¢,. As the amplitude of the oscil- 
lation becomes large, the forces become large due to the 
high acceleration required. Similarly, for high frequen- 
cies, in fact, the acceleration is 


% = — wa sin wt, 


which has a maximum value of 
#(max) = wa, 


If the quantity w’a exceeds the structural capability of 
the missile for withstanding acceleration or the ability 
of the missile steering-control system to exert forces 
causing accelerations of this magnitude, then the missile 
will either break up or be unable to have oscillatory 
behavior at this amplitude and frequency. That is to say 


was A, 


where A is a maximum acceleration term connected 
with missile performance. If the amplitude @ is small, 
the frequency w can become very large. However, when 
the amplitude becomes less than g,, then it is no longer 
of any interest, because it is below the accuracy level 
required for measurements of x. Using a, as a lower limit 
for a, one obtains as an upper limit for the frequency 


ea 


An instrumentation system with this bandwidth would 
be adequate for this particular (rather artificial) missile- 
test instrumentation problem. 


III. MetTuHops OF OBTAINING FREQUENCY-DOMAIN 
SPECIFICATIONS FOR INSTRUMENTATION SYSTEMS 


Several different approaches to the problem of arriv- 
ing at instrumentation-system bandwidth specifications 
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will be considered, and some examples given. An out- 
line of these methods will be given below. 

The informal method of Section II has been used for 
trajectory-determination systems which measure posi- 
tion. It certainly establishes a band limit for the case of 
an oscillating missile. The validity of this band limit 
would depend on whether, among the ensemble of pos- 
sible missile position functions, there are members 
which contain frequencies much higher than this limit. 
Since this is unlikely, the band limit is probably a 
pretty good one, and could be used as the basis for es- 
tablishing instrumentation-system bandwidth. The 
method can also, with appropriate modifications, be 
applied to velocity measurements and attitude and atti- 
tude-velocity measurements. With slight modifications 
this method may be extended to include other data 
which apply to the bandwidth required for a certain 
measurement, such as time-derivative and time-inte- 
gral data tolerances. 

A technique which is sometimes fruitful when the 
various quantities pertinent to a problem are known 
is dimensional analysis. This method can be applied to 
the present problem, and will yield some formulas which 
may be compared numerically with other methods which 
do not yield analytical expressions for the bandwidth. 
The dimensional-analysis formulas can thus be scaled, 
and are considerably more convenient than some other 
purely numerical or trial and error methods for getting 
the bandwidth figure. 

The possibility may also exist of representing the de- 
sired data in a form amenable to statistical correlation 
and power spectrum analysis. Unless an adequate sta- 
tistical representation of the time functions can be ob- 
tained, very little progress can be made with this ap- 
proach; however, some results can be derived. 

A control-systems engineering approach merits con- 
sideration because there is considerable similarity be- 
tween a control system and an instrumentation system, 
and because there is an immense development of con- 
trol-system technology which may be directly applica- 
ble to the present problem. Unfortunately, analytic ex- 
pressions for the pertinent parameters of a control sys- 
tem are not usually obtained in the course of design. 

Finally, an information theory approach seems to 
lead, in a fairly straightforward way, directly to sam- 
pling-rate specifications. The use of information theory 
is based on the fact that for a fairly reasonable time 
after having made a measurement one has good prior 
information about a new measurement of the same 
quantity. For typical measurement situations, the 
growth of uncertainty in the expected value of a quan- 
tity operates in such a way that the information rate 
considered as a function of sampling interval exhibits a 
single maximum. The value of the sampling interval at 
this maximum is recommended as a good choice for 
operation of an instrumentation system, 
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IV. EXTENSION oF HEURISTIC METHOD 


The heuristic discussion of Section II can be ex- 
tended somewhat. First, it should be mentioned that 
each argument for the selection of a bandwidth param- 
eter is an upper limit argument. The attempt is made to 
establish successively lower upper limits to the band- 
width. 

Again, considering the missile to be behaving in an 
oscillatory manner, a certain measurand follows 


Cia Sina. 
and has the velocity 
x = aw COS wh. 


The velocity, of course, has an upper limit so that 
x (max) =aw<V, where V is the maximum possible 
velocity. This leads to a bandwidth formula w= V/o,z, 
where og, is the tolerable error. Such a formula has been 
suggested as a sampling-rate formula, but for a position 
measuring system it greatly overestimates the required 
sampling rate. 

One could also consider the velocity characteristics 
of an oscillating measurand 


x = 6 sin wi, 
which would have an acceleration of 
iy == (ey Sal ( 


Following the argument of Section II this would lead 
to a bandwidth formula for measuring the velocity of 
the quantity x 


A 


Oy 


where 4 is the maximum possible acceleration and o, 
the tolerable velocity error. For trajectory measure- 
ment systems this is not such a bad estimate. 

A formula can also be obtained for bandwidth in the 
case of measurements made on a quantity x with per- 
missible position error of o, and permissible velocity 
error of ¢,. Proceeding in a fashion similar to that used 
before: 


g(max) = o,0 + a 
PCMaAx) = 020" —- 6,0 A; 


where A is the maximum possible acceleration. Using 
the equality in the last expression and solving for w 


gives 
1 242 + (2) eas 
ee / Pe V Ox Ox f ; 


The signs of ¢, and a, have been arbitrarly chosen to 
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give the largest value of w. This expression reduces to 
the one obtained in Section II when o, =0. The expres- 
sion indicates that the effect of considering velocity er- 
ror is to increase the required bandwidth and sampling 
rate. This will also appear in the bandwidth formulas 
derived by information theory conditions, in which case 
the reason for this effect is more readily appreciated. 


V. DIMENSIONAL ANALYSIS OF REQUIRED 
MEASUREMENTS DATA 


Considering that the factors affecting bandwidth are: 
tolerable errors in position o,, and in velocity o,, and 
the maximum possible acceleration A, some rather un- 
specific formulas for bandwidth may be obtained from a 
dimensional analysis using the method of Lord Ray- 
leigh. The formulas are 


o 


o=—X vl), 
Ox 
A 
ON) eer x Y2(6), 
Ov 
A 
5 V Ox As 
where ¢ is a dimensionless number 
AG: 
ee aa 
Cv 


When systems for measurement of the quantity « and 
the velocity of the quantity # are considered independ- 
ently, as if error of one had no influence on the band- 
width required for measurement of the other, then, be- 
cause both o, and o, appear in the number ¢, the only 
permissible functional form for the y’s in this case is.a 
constant. Bandwidth formulas which follow from this 
assumption are 


which would be appropriate for a velocity measurement 
system, and 


which would be appropriate for a system measuring the 
quantity x. It has been indicated in Section IV that 
neglect of velocity error causes an underestimate of 
bandwidth, so the latter formula is of little interest. 
One cannot get very far with more general formulas; 
however, the form of the y functions could perhaps be 
obtained empirically, to sufficient accuracy, using other 
methods for bandwidth, 
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VI. STATISTICAL ANALYSIS OF REQUIRED 
MEASUREMENTS DATA 


Perhaps the most obvious method for selection of a 
suitable bandwidth for an instrumentation system, the 
method immediately suggested by the communications 
engineer, would be to analyze the data statistically, find 
out what frequencies are present, and apply the sam- 
pling theorem to determine the sampling rate. This is, 
of course, not possible in advance of the acquisition of 
data; but perhaps the missile engineer could specify 
what frequencies he expects to find present in the data. 
Unfortunately, this type of information, if it exists, 
has not been available to the instrumentation-system 
designer. 

Some progress can, however, be made with this ap- 
proach in a way which elucidates some of the other 
methods. A trajectory condition which would contain 
higher frequencies than one would expect to encounter 
in practice is the following: The missile is perturbed by a 
random series of positive and negative accelerations 
(linear or angular) of an amplitude equal to the maxi- 
mum which the system is capable of sustaining. If maxi- 
mum zero crossings of the acceleration wave just de- 
scribed are Poisson distributed, with an average number 
of k per second, then the power-density spectrum of the 
wave has the form 


24 2k 
F, (Op tea 


where A is the maximum acceleration. k may be chosen 
very large with the result that the spectrum of accelera- 
tion is nearly flat with a value of 


A 
kr 


out to any frequency of interest. 

The spectrum of position is related to the spectrum 
of acceleration by a factor of w, 1.e., the position 
spectrum is 

Aneel 


kr wo? 


The errors caused by dropping off the spectrum at some 
value w,, are the familiar aliasing errors. At some partic- 
ular frequency wo, 0<wo<w, the error caused by the 
omission of the higher frequencies is 


A \ il i 1 é 1 
ka (2wn = wo)? (Qu == wo)? (4an _ wo)? She \ 


A > 1 
kor n=1 (2nw», Sts wo)? 


At w)=0 the error would be 


A 3 1 A > 1 A (=) 
Ra nai 40n7n" Aki,” nai nN a Akan? \ 6) 
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If this error is equated to the permissible error in the 
quantity x, a formula for band limit is 


x,/2 K of 

aoe / ea VY 24k 

which is very much like previous formulas for band- 
width of position-measuring systems. 


VII. An ApproacH BASED ON CONTROL-SYSTEMS 
DESIGN 


There are broad similarities between instrumentation 
systems and control systems. Both are, ultimately, de- 
vices for processing information in the case of a control 
system with power gain. This last fact causes stability 
to be of major concern in the case of control-system de- 
sign, but not in the case of instrumentation-system de- 
sign. After suitable means are found to introduce sta- 
bility criteria, it is possible to use control-system design 
methods to arrive at frequency-domain specifications 
for instrumentation systems. 

An input function which is chosen for this analysis is 
a symmetrical step function of acceleration. If the 
amplitude of this step function is chosen as the maxi- 
mum which the system is capable of sustaining, it repre- 
sents the most severe transient which could actually 
occur short of a complete malfunction, such as an ex- 
plosion. 

The Fourier integral representation of such a step 
function is 


sin at 


pee 


where A is the acceleration amplitude. The contribution 
of each small band of frequencies to the function is 


®, 


A sinwt 
dF(t) = — 


Tv (6) 


Thus the amplitude of the acceleration spectrum as a 
function of frequency is 


A 


— — dw. 


The position and velocity would have spectra 


respectively, because these quantities are related to the 
acceleration by factors of —w~? and —w, respectively. 
If o, and o, are the permissible errors in x and v (the 


velocity of x), then the open loop gain required may be 
written 


A 


Gz = 20 log 


decibels for a system measuring X, 
TH" Ox 
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and 


G, = 20 log decibels for a system measuring x. 


TW)" y 


These gain expressions may be expanded as 


A 
G, = 20 log — — 60 logy 


TO x 


G, = 20 log ah — 40 log w. 
Toy 
The first term fixes the gain at unit-angular frequency 
and the second term fixes the maximum permissible 
attenuation rate at intermediate frequencies. 

Required degree of stability criteria must still be 
derived. This will be done by fixing the maximum per- 
missible closed-loop gain for intermediate frequencies. 
For sinusoidal behavior of the quantity x with maxi- 
mum allowable acceleration A, the maximum ampli- 
tudes possible for « and x at frequency w are 4/w? and 
A/w, respectively. If errors of ¢, and o, are permissible 
for x and x, then fractional errors in x and x are 


ue O-Ore 
mn, = — = Ones. 
A A 
a: 
mae 
and 
Ov Wy z 
Ti = = for x 
A A 
(é) 


The ratio of output to input, or gain, R, is related to the 
fractional error by the expression 


m=k —1. 


The closed-loop gain as a function frequency may not 
exceed the following values: 


wor 
kj =1+ for x. 
A 
and 
WOy 
ky =1it+ for v. 


With these data, a trial and error control-system de- 
sign procedure may be followed. Bode diagrams and 
Nichols charts may be used to obtain closed-loop fre- 
quency-response characteristics from which a’ band 
limit specification is obtainable. 


VIII. Use oF INFORMATION THEORY 


Thus far, the methods suggested for obtaining the 
bandwidth have been based on sine-wave response. 
Another, somewhat different, approach involves the 
use of information theory concepts. 


Bandwidth Problems PT/7/ 

If an observation of a measurand x is made giving a 
result x, with an error standard deviation of a, on a 
system for which the value of x is thought to be xo, with 
an error standard deviation of o», a certain amount of 
information is gained. To determine how much, con- 
sider the error distributions to be Gaussian. First, if 
the measurement x; were exact, the information gained 
would be 


ay log pol*), 


where 


C= (x1)? /200". 


Pol x) SE 
V/ 2m 00 
From this amount of information must be subtracted an 
amount to account for the uncertainty associated with 
the measurement x, 7.e., the entropy of the distribu- 
tion. The information gained is, therefore, 


— log po(ai) — log (o1V/27e). 


But x, can supposedly, on the average, have any value, 
so this expression should be averaged over the fo dis- 
tribution. When this is done, the average information 
gained is found to be 


—= a o 
AI = log (oo 2me) — log (o1V/27e) = log — 


O1 


In observations made on a missile while in flight, o; 
is the one-sigma error associated with successive meas- 
urements of some quantity. a) would be the error asso- 
ciated with knowledge of the same quantity before a 
measurement is taken. For a very short time after a 
measurement, o; is almost equal to oo. The way in 
which oo grows with time depends on the uncertainties 
of parameters associated with the dynamics of the 
system. 

For external ballistics measurements the motion of 
the missile can be described by the equations of motion. 
Uncertainties in the parameters of these equations then 
causes oy) to grow with time. A sufficiently general 
formulation of the equations of motion is the Lagran- 
gian set of equations: 


ah Hf Gye 
( ) = Oe: Liy t), 


dt Ox; 


where J is the kinetic energy of the system, #; a gen- 
eralized velocity, and Q; a generalized force. The kinetic 
energy will be a homogeneous quadratic form in the 
generalized velocities 


i SS AipXjXr. 
t,k 


Formally, 
We 
OX; 


f oa + const. = Sy DipXe. 
k 
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The constant term of integration is a total initial mo- 
mentum term, say, Mo: Rewriting, 


yD AipXh == f out + Moi: 
k 


In case the kinetic energy contains no cross-product 
terms the summation has only one term and a formal 
integration can again be performed: 


=a f ode + as 
n= f= ie en 


If there are cross-product terms in the kinetic energy, 
a formal expression for x; could be obtained by solving 
the set of simultaneous equations. Under most condi- 
tions the equation for x; above would satisfactorily de- 
scribe the behavior of a quantity associated with missile 
motion, at least for a limited time. Uncertainty about 
x; will be connected with uncertainty about: 1) xo, 
which is the uncertainty in the quantity x; at the time 
of a measurement, o, using the previous notation; 2) 
étoi/2aix, which can be identified as a velocity so that 
o, will be used to symbolize this uncertainty; and 3) 
Q;/2ai,, which can be identified as an acceleration, so 
o4 will be used to denote this uncertainty. Therefore, 
the way uo grows with time follows from the equations 


of motion 
o0 = fa f ond + f ott ton 


The formula for information gain may be written 


Kor 


a0 


(on?) 
AI = Boge = a 


= log i+ [Sat a fat 


For samples taken at intervals of time S the informa- 
tion rate is 


p= slog 1+ f Sart af at. 


g, is certainly a constant, and likewise o,. However, 
g4 may explicitly contain coordinate or velocity terms 
and perhaps time. If a4 is set equal to the maximum 
possible acceleration which can occur, as has been done 
in previous arguments, a formula for information rate 
as a function of sampling interval may be written 
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It is easily shown that 


lim J = 0, 
s—0 

and 
lim J = 0, 


3s 8 


so that J has at least one maximum value. An analytic 
expression for this maximum or for the value of s at this 
maximum has not been obtained because of mathemat- 
ical difficulties associated with handling transcendental 
equations; however, for a particular case, computation 
of these data can be done numerically or graphically. 
A graph of I for a typical case of missile-position meas- 
urement is shown in Fig. 1. The sampling rate giving a 
maximum information rate under the assumptions men- 
tioned would be selected for use by the instrumentation 
system. 


| (Bits Per Second ) 
@o 


s (seconds) 


Fig. 1—Information rate. 


IX. CONCLUSIONS 


Under the assumption that missile performance and 
instrumentation-system required accuracy interact in 
a way which limits the bandwidth required in the in- 
strumentation of a missile flight, several ways of examin- 
ing the relationship to establish a bandwidth figure are 
possible. Of these, the use of control-system design 
techniques and information theory, as outlined above, 
is recommended for establishing the bandwidth pa- 
rameter. 
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Some Considerations Concerning the Measurement of the Atmos- 
pheric Temperature Field by Electromagnetic Means* 


D. FRYBERGER?, MEMBER, IRE, AND E. F. URETZ{, MEMBER, IRE 


Summary—A system for determining atmospheric temperature 
structure by using an electromagnetic radiometer probe is described. 
The relationship between the electromagnetic sensor reading and 
atmospheric conditions is developed for both the microwave and 
infrared sensor utilizing a unified approach for the two cases. It is 
shown that, with the assumption of horizontal homogeneity, several 
alternate procedures for inversion of sensor readings to yield the 
spacial-temperature field are possible. One of these procedures which 
was used to invert theoretical radiometer readings from an assumed 
atmospheric structure is described in detail. The results of the in- 
version which was accomplished with the aid of a UNIVAC 1105 
computer are included. 


I. INTRODUCTION 


NE of the basic limitations to obtaining ade- 
() quate meteorological data, for both synoptic and 

prediction purposes, is the inability to place 
sensors into regions of interest throughout the atmos- 
phere. This limitation is mainly a result of two factors. 
First, the mechanics of sensor placement are such that 
accurate positioning of the sensor is difficult and expen- 
sive, e.g., balloon position is at the mercy of prevalent 
winds. And second, air space restrictions are imposed by 
the cognizant local and national authorities. 

This paper discusses the problem of determining 
atmospheric temperature without introducing physical 
probes into the region being investigated.t The methods 
investigated utilize narrow beam electromagnetic probes 
to obtain integrated temperature function readings. It 
is shown how, with the assumption of horizontal strati- 
fication, these integrated temperature function readings 
may be inverted to yield the spatial temperature field. 

A UNIVAC 1105 was used to simulate the readings 
of an infrared radiometer and subsequently invert these 
readings to yield the spatial temperature field. The 
procedures for these computations and their results are 
included. 


II. RELATIONSHIP BETWEEN SENSOR AND 
ATMOSPHERIC TEMPERATURE FUNCTIONS 


In order to determine a means of calculating the 
spatial atmospheric temperature field from measure- 
ments furnished by an electromagnetic sensor, it is first 
necessary to determine how this field influences the 


* Received by the PGMIL, June 6, 1961. 

+ Armour Research Foundation, Chicago, IIl. 

1 Many of the results described in this paper were produced while 
working under Contract No. DA-36-039 SC-80328 for the Meteoro- 
logical Dept. of the Signal Corps at Fort Huachuca, Ariz. 


measurement of that sensor. For the purposes of this 
derivation, consider an ideal lossless antenna matched 
to a load resistor R and imbedded in an absorbent 
atmosphere of infinite extent. It is assumed that the 
only significant energy transfer between them occurs by 
the radiative process. Practically speaking, it is reason- 
able to neglect energy transfer by conduction and 
convection but corrections must be made to take into 
account radiation from other thermodynamic entities 
such as the earth and losses in the antenna and trans- 
mission line or waveguide components. It is convenient 
to consider radiative power transfer as a cycle and label 
the powers associated with the appropriate points in this 
cycle. Fig. 1 is included to aid in visualizing the cycle of 
power transfer. 


P P 
if or 
R 
Pra Po 
ei 


ANTENNA 


ATMOSPHERE 


Fig. 1—The cycle of radiative power transfer. 


P,. is the power generated by the resistor and radiated 
from the antenna, and P,, is the power (which was 
radiated from the antenna) absorbed by the atmos- 
phere. P, is the power radiated by the atmosphere as a 
whole, and P,, is the power (which was radiated by the 
atmosphere) absorbed by the load resistor. Thus by 
definition P,,=P, and P,.=P., and the distinction be- 
tween the powers related by these qualities is the 
physical entity with which they are associated. 

One can now define the incremental quantities of 
power dP,, and dP, which are analogous to Pa, and Pa, 
except that they are associated with the incremental 
atmospheric volume dV. From the above definitions it 


follows that 
Prt lelali ORs (1) 


v 


In order to obtain a more explicit expression for 
dP,,, consider the matched antenna to be located at the 
origin of a spherical coordinate system (s, § 7). The 
antenna is assumed to radiate in all directions, having 
its direction of maximum gain in the direction €=0. 
This configuration is depicted in Fig. 2. Assuming the 
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near field region of the antenna to be negligible,’ the 
radiated power density from the antenna at point 


(s, £, n) will be 
p | - {f ads | (2) 
0 


where G(E, 7) is the relative antenna power gain over an 
isotropic radiator as a function of the angles € and 7, 
and a=a(s, €, 7) is the power attenuation factor per 
unit distance due to absorption. 


PIGS n) 
= Se 


p(s, es 7) = Ags? 


(s,€,7) av 


ANTENNA 


Fig. 2—The coordinate system (s, &, 7). 


The incremental power dP,, absorbed in the incre- 
mental atmospheric volume dV =s? sin &dndéds at (s, 
£, 7) is simply 


dPa, = ap(s, &, n)s* sin Edndéds 
P,G(é, s 
= pie) exp | = f ads | sin Edndéds. (3) 
Ag 0 


It is important to note that (2) and (3) only include 
that power which travels directly from the antenna to 
the point (s, £, 7) and which is actually absorbed (con- 
verted into another energy form) in the incremental 
volume. Hence, if at the frequency of operation the 
atmospheric attenuation due to scattering is significant 
when compared to that due to absorption, the conclu- 
sions of this derivation should be regarded as approx- 
imations. 

Substitution of (3) into (1) yields 


1 a) T 20 
Par = { { if aP,G(E, 7) 
di 0 0 0 


“exp |- {f ads sin &dndéds. (4) 
0 


If at this point the antenna and the atmosphere are 
considered to be at thermal equilibrium, it follows that 
P,=P,,,and P,=P,,. These equalities permit the inter- 
change of these quantities in (4) which then becomes 
the expression for the power absorbed by the antenna 
as a function of that radiated by the atmosphere, or 


1 xn 7 2a 
Pu=—f fof aP.ctn) 
4a 0 0 0 


“exp | - f ads | sin édndéds. (5) 


_* This assumption will be true if the frequency used allows an 
effective radiation path length much longer than the antenna di- 
mensions. 
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The powers appearing in (5) may be associated with 
temperature by the equation for thermal noise power 1n 
a microwave circuit. 


P = koB, (6) 


where 


k is Boltzmann’s constant, 

B is the bandwidth under consideration, 

@ is a function of the absolute temperature 7° of the 
real part of the circuit impedance such that 


hy 


9 = ——___ (7) 
k(ehv ier ss 1) 


where 


h is Plank’s constant 
y is the frequency under consideration. 


It can be seen that 6, appropriately, has the dimensions 
of degrees. For microwave frequencies and temperatures 
of over about 10°K, hv/kT<1 and (7) reduces to 0=T. 

However, when considering frequencies in the infra- 
red region, equating the temperature function 6 to T 
is no longer valid.’ It is also important to note that for 
any given frequency, @ is a single-valued monotonically- 
increasing function of temperature. This fact is im- 
portant in the inversion techniques discussed below. 

Eq. (6) may be used to convert (5) into an equation 
relating the integrated antenna temperature function 
defined by 


Pra 


“ (8) 
RB 


i 
to the atmospheric temperature function defined by 


a = i (9) 


This relationship is 


1 ioe) 1. 2Qr 
— —{ {i if abaG(E, n) 
And 9 0 0 
“exp | - if ads | sin édndéds. 
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As was first suggested by Prévost, the radiation mech- 
anism depends only upon conditions of the radiating 
body and not those of the environment. Consequently, 
it is found empirically that the radiation from each in- 
cremental atmospheric volume is a function of the local 
temperature and attenuation constant and is not de- 
pendent upon the equilibrium condition. Therefore, 0, 
need not be considered a uniform constant over all 
space but may be replaced by @,(s, £, 7), which is a local 
atmospheric temperature function as a function of 


(10) 


_ > For example, if »=20u4and T=300°K, then hy/kT =2.4, and the 
higher-order terms of the exponential in (7) are not negligible. 
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spatial position. This generalization of (10) is 


1 ce) T Qn 
w= =f ff aea6s,8 0660 
Tv 0 0 0 
-eXp |- if ads | sin Edndéds. 
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If the case is considered in which the beam-width of 
the antenna is narrow enough so that significant con- 
tributions to 6; come from a single direction, then 
6(s, €,7) and a@ may be considered to be functions only of 
the distance coordinate s out along the beam. As a re- 
sult (11) may be integrated over the angular coordi- 
nates. It follows from the definition of G(é, ») that 


ii { MGC aednde = { {/ ee ee) 
0 0 0 0 


and (11) reduces to 


a= { aOa(s) exp \-f ads | ds. 
0 0 


Although the essence of the above development is 
valid in the infrared region, a change in form is re- 
quired since the concept of antenna gain is not ap- 
plicable, and as a consequence (12) may not be used. 
In order to eliminate G in favor of a parameter which 
has an infrared analog, consider the relationship 


47 A. 
(Gl = 
2 


(11) 


(13) 


; (14) 


where 


A, is the effective area 
X is the wavelength of the radiation. 


The effective area of a lossless, high-gain, highly di- 
rectional antenna [which would be necessary to reduce 
6,(s, &, n) to 6,(s)| is essentially equal to the actual 
physical area of the antenna aperture. Thus the concept 
of effective area is analogous in the two frequency 
ranges, whereas that of gain is not. However, since an 
infrared sensor receives radiation of arbitrary polariza- 
tion while a microwave antenna receives only that 
component with a specific polarization, the power recep- 
tion capability per unit area of an infrared sensor is 
twice that of a microwave antenna, and a factor of two 
must be used in conjunction with (14). Following this 
line of reasoning to eliminate gain in favor of the more 
appropriate concept, effective area, (11) yields 


rat tgs eave 2A (E, 0) 
ee 
el ad fee (s, & 7) e 
“exp | - f ads | sin édndéds, 
0 


where A is now the effective area of the infrared sensor 
when viewed from the direction (€, 7). 


(15) 
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If, as before, it is assumed that the beamwidth is 
sufficiently narrow such that @ and @ are not functions 
of the angular coordinates within the beam, and that 
A(é, 7) is constant at Ao for sources within the beam 
and zero for those elsewhere, then (15) may be inte- 
grated over the angular coordinates yielding 


DAK e2 : 
0; = 2 j) a, (5) exp | { ads | ds, (16) 
2 0 


where Q is the solid angle of the radiometer beam. 

By again considering the atmosphere and the sensor 
at a uniform temperature and using (6) and (7), it may 
be shown that (16) reduces to Planck’s radiation law. 

Thus it has been shown that for a narrow beam 
radiometer, the temperature along the beam contributes 
to an integrated temperature function according to the 


relation 
6, = Kf a6, Xp | - (F ads | ds, 
0 0 


K =1 for the microwave case, and 
K =2A,Q/» for the infrared case. 


(17) 


where 


The value of 8; associated with a radiometer measure- 
ment is found by use of (8), which is its relation to the 
power entering the sensor. It would, of course, be neces- 
sary to calibrate any given sensor, taking into account 
extraneous inputs, losses, reflections, etc., so that an 
accurate assessment of P,, and thus 6; may be made 
from the sensor output. 

It can be seen that the integrated temperature func- 
tion of the radiometer is composed of a contribution 
from each point along the beam. This contribution is 
proportional to the local temperature function and at- 
tenuation factor diminished by the total attenuation 
between that point and the radiometer. In this context, 
the absorption attenuation factor may be considered to 
be a kind of coupling coefficient which couples each 
point in the beam to the radiometer. The mechanism of 
scattering, which was not taken into account above, will 
diffuse the beam allowing radiation emanating from 
points outside the beam to contribute to 6;. Conse- 
quently, if the technique of remote temperature meas- 
urement described herein is attempted at a frequency at 
which attenuation by scattering is significant, the ac- 
curacy of the results will be deteriorated. This deteriora- 
tion can be minimized by using the total attenuation 
factor in (17), but in this case the resultant solution for 
6, at each point will, in reality, be an average of the 
temperature functior at that point and an integral 
similar to (15) which will include 6, at all other points 
within scattering range. The fact that the two com- 
ponents of this average will be weighted in proportion 
to the ratio of the attenuation factors due to these two 
processes affords a means of estimating the amount of 
deterioration due to scattering. 
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II]. REQUIREMENTS FOR SOLUTION 


Eq. (17) forms an integral relationship between the 
field of atmospheric temperature function 6,(s) and the 
integrated temperature function 6;. The desired infor- 
mation is a profile of atmospheric temperature 7, vs 
distance s out along the beam. This temperature profile 
may be obtained directly from a profile of 8, vs s by the 
explicit solution of (7) for 7,, which is 


hy 


hy 
kin (1 ar —.) 
RO, 


However, in order to obtain the @,-s profile it is evi- 
dent that a profile of 6; vs some new parameter, say ¢, 
is necessary. It is shown in the next section how, if it is 
assumed that the atmospheric temperature field is 
horizontally stratified, the elevation angle of the ra- 
diometer beam may be used as the parameter ¢. It may 
also be possible to use other variables, such as the 
radiometer frequency v, as the data profile parameter. 
The use of vy would relax the requirement for the assump- 
tion of stratification, but due to the additional com- 
plications in the functional relationships and conse- 
quently in the mathematical solution, this approach 
has not yet been investigated. 

There are several possible approaches which may be 
used to solve for a @,-s profile given a 6;-¢ profile. 
One possibility is a demonstration that the integral is 
in the form of an integral equation for which the solu- 
tion is already known. Another possibility is the selec- 
tion of N points, for example a set of N data points, 
from the 6;-¢ profile and the solution of the resultant 
N equations for N selected points on the 9,-s profile. 
This latter approach offers a considerable variety of 
options since there is an infinite number of possible sets 
of the NV points on the unknown 6,-s profile, as well 
as several solutional forms which may be assumed for 
the 0,-s profile. For example, it may be assumed that 
there are N homogeneous layers each of constant 6,,, or 
it may be assumed that 6,, is continuous throughout, 
but allowed to vary in a linear fashion in each layer. 

For solution by any of these approaches it must be 
assumed that a(s) is not a function of 6,(s) if the mathe- 
matics are to be tractable. However, since the parame- 
ter a(s) is, in fact, a function of 6,(s), it is necessary 
initially to assume an expected 6@,(s) structure, deter- 
mine the resultant a(s) structure, and then solve for 
6§,(s). If necessary, this solution for 6,(s) can then be 
used to correct the assumed a(s) structure and a second 
more accurate solution for 6,(s) may be found. The 
number of successive approximations which must be 
made in this fashion in order to obtain a final solution 
of sufficient accuracy depends upon the accuracy of the 
initial assumption for the @,(s) structure and the sensitiv- 
ity of a to variations in 8,. Another limitation on the ac- 
curacy of the profile solution is, of course, the number 
and accuracy of the original data points in the 0;-¢ 


T. = 
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profile. A further consideration concerning the accuracy 
of the final result is the requirement for a complete 
§;-6 profile. If the 6;-6 profile is continuous but not 
complete, then the solution for the 6,.-s profile is not 
uniquely determined, but is dependent upon the as- 
sumptions made about the unknown segments of the 
6;-6 profile. These aspects of the problem are covered 
in more detail in the next section. 


IV. PROCEDURES FOR SOLUTION 


As discussed above, the elevation angle of the ra- 
diometer beam may be used as a profile parameter of 
6;. The geometry of the radiometer beam and the divi- 
sion of the atmosphere which is used for the solutional 
techniques discussed below is depicted in Fig. 3. 


Fig. 3—Orientation of the radiometer beam in the atmosphere. 


A. Integral Inversion 


Given a profile of 6; vs ¢, an integral solution of (17) 
may be effected as follows. If horizontal stratification of 
atmospheric temperature is assumed, we may express 
(17) in terms of the variable of hf instead of s. This 
makes possible a simplification in (17) which will lead 
to a solution for the atmospheric temperature 6, at the 
height / feasible. 

For the case of horizontal stratification, a may be con- 
sidered to be a function of height which may be ex- 
pressed as 


a = aof(h) 


where qp is the attenuation at h=0. It will be recalled 
that 4, as well as other atmospheric parameters enter 
into the expression for f(z). However, to include these 
relationships explicitly in (19) would render a solution 
for 6, extremely difficult if not impossible. The most 
practicable approach is to assume a structure for the 
pertinent atmospheric parameters and consider f(h) as 
a function of hk alone. Typical variations for atmos- 
pheric parameters for heights up to 700 km are pub- 
lished,* and these may be used in conjunction with local 
atmospheric conditions, which will be known at the 
time of measurement of 6;, to determine the best pro- 


(19) 


“R. A. Minzner, K. S. W. Champion, and H. L. Pond, “The 
ARDC Model Atmosphere,” AF Surveys in Geophysics, AF Cam- 
pales Bee Labs., L. G. Hanscom Field, Bedford, Mass. Rept. No. 


1961 


files of 6, and a vs h which whould be assumed for the 
operating frequency. After a profile of 6, vs h is deter- 
mined, corrections may be made to the a-h profile, if 
necessary. By the use of successive approximations the 
accuracy of 6, may be improved. 

From the geometry of the configuration we may say 


ds = csc odh. (20) 


Atmospheric refraction of the beam is neglected since 
for small ¢, when the refractive effects are greatest, 
path attenuation will limit the effective path length so 
that path curvature will not introduce appreciable error. 
For larger ¢, path curvature becomes negligible. 
Substituting (19) and (20) into (17) we get 


0; = ank cso [ F(A)On 
0 


h 
“exp | -a csc of fla dh. (21) 
0 0 
This may be simplified by letting 
h 
i f(Adh = z. (22) 
0 
Then 
oes (23) 
ih = 5 
f(r) 
Substituting (22) and (23) into (21) gives 
* f(h)@. exp |—aoz csc 
a: = avk csc | i p | : Ly 
0 f(h) 
= aoK csc of 6. exp [—aoz csc $]dz. (24) 
0 


Note that the subscript of 6, has been changed de- 
pending upon which variable is considered to be inde- 
pendent. The upper limit of integration is unchanged if 
we assume all a>6 where 6 is any arbitrarily small fixed 
value greater than zero. For from this it follows that 


f ” f(h)dh = 0, 


By (22) z=0 when #=0, and the lower limit remains 
zero. 
For further simplification let 


p=accscd and 6; = Ky. (25) 


0, = of LORS 
0 


The subscript p is used in order to denote the angular 
dependence of 8, upon the new parameter Pp. 
Eq. (26) is in the form of a p-multiplied Laplace 


This gives 


(26) 
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transform. The inverse transform of (26) is 
1 e?*0,,d 
ee a (27) 
211 Bry p 


where 1=1/—1 and Br, indicates that the integration 
is to be performed over a suitable Bromwich contour in 
the complex plane. 

In order to solve (27) 6, must be expressed as a func- 
tion of ~. An examination of the physical situation will 
aid in doing this. From (25) when ¢=0, p= and @, 
will be equal to the ground temperature function 0, 
divided by K. When ¢=90°, p=a. Thus it can be 
seen that 6, as a function of p can be determined em- 
pirically for real p in the range of an<p<~, but @, is 
undefined in the range 0< R,(p) <a. Since (27) must 
be integrated over a Bromwich contour in the complex 
plane, in order to obtain a solution it is desirable to 
choose v such that a is as close to zero as possible to 
minimize the effects of approximating the function 6, for 
values of R.(p) <a. However, if a is chosen to be too 
small, the effective path length for ¢ =0 will be too long 
to neglect the effects of the earth’s curvature and 
atmospheric refraction. For these reasons, a tentative 
minimum a of about 1 db/km is suggested. 

From physical considerations a graph of K6, vs p 
would be expected to be similar to the plot in Fig. 4. 
K@, approaches 6, asymptotically as p increases to «. 
For p> p1, K8,=6, may be assumed true with negligible 
error. 


Fig. 4—Typical profile of k0p vs p. 


The @,-p profile along the real p-axis which is ob- 
tained from a 6,-¢ profile using the appropriate rela- 
tionships above can be used to define a general 6, func- 
tion in the right half of the complex p-plane. This func- 
tion used in (27) will result in a solution for @, from 
which may be extracted the desired solution for 6). 
Care must be exercised, however, in the extension of 
6, as a function of complex ’p if convergent solutions are 
to be obtained. The authors have devised a technique 
using a power series expansion of 6,, a discussion of 
which would go beyond the intended scope of this paper. 


B. Matrix Inversion 
If N readings of 6; vs ¢ are taken, then by the use of 
appropriate approximations to the form of the @,-s 


5 N. W. McLachlan, “Complex Variable Theory and Transform 
Calculus,” University Press, Cambridge, England, p. 135; 1955. 
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profile, VV equations in NV unknowns will result. If, for 
example, it is assumed that there are NV homogeneous 
layers of thickness Anh = hm —Nm—1 as depicted in Fig. 3, 
each with a constant temperature 6. and attenuation 
factor Qm, then an equation relating the N unknown 
6,’s to the mth measurement of 6; may be written 


N 


Bin — = A siktlenies 


m=1 


(28) 


where A,m is approximated by 


Ay Ie CSC OA! 


m—1 


-e€xp | - ss CSC Pn (awash — 


j=1 


ee) | (29) 
3 5 


The N equations corresponding to the V measurements 
of 0i, vs $, are linear and may be written in the matrix 
form 


0; = AO,, (30) 


where 0;, 4, and ©, represent the matrix arrays of 
6;, Anum, and @,, respectively. The solution of (30) is, of 
course, obtained by inversion of the matrix 4. 


@, = A-'0;. (31) 


Although the matrix solution of (31) is mathemat- 
ically straightforward, as N is increased the quantity 
of the mathematics rapidly becomes unwieldy, and the 
use of computers for calculations is highly desirable. 

Another assumption which may be made concerning 
the form of the unknown 6,-/ profile is that 


Ba |n=0 = 4, 


the ground temperature function, and @, varies linear- 
ly throughout each layer and is continuous between 
layers. This approach was used in an atmospheric tem- 
perature structure simulation and inversion investiga- 
tion that was programmed for a UNIVAC 1105 com- 
puter. The details of this analysis are outlined in the 
next section. 


V. PRoFILE INVERSION USING A COMPUTER 


In order to test the practicality of this kind of profile 
inversion, several typical 7.-h profiles were assumed. 
These profiles were then converted to 6,-h profiles and 
integrated to obtain simulated radiometer profiles of 
6; vs @. In order to have a practical integral for evalua- 
tion, a distance D, within which 99.9 per cent of the 
atmospheric power contribution to 6; would be emitted, 
was chosen for the upper limit of the main integral in 
(17). This distance was determined by examining the 


a = 
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D sin $1 h 
i I a@ CSC P19, exp |- { a CSC ou | dh 
7 9 0 
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appropriate expected profile of a. The radiometric pro- 
file simulation equation then becomes 


D s 
i = i 0, exp E {| ads | ds, 
0 0 


where 6, =6;/K. By letting h=s sin ¢ this becomes 


D sin on h 
bin’ = { a CSC Gna EXP | - { a CSC buat dh. (33) 
0 0 


For each 7,-h profile which was assumed, twenty 
data points (0/, ¢,) were found by integrating (33) for 
values of ¢, such that 


2000 
D 


(32) 


sind, = , ADO oe). (34) 

In order to invert the 6;’-¢ profile, the 6.-/ profile 
was divided into 500-foot increments, and #, was as- 
sumed to be the function of height given by the follow- 


ing set of equations: 
Ba1 = Og + kih 
O42 = 04 + R500 + ko(n — 500) 


Ogee 00 
500 < A < 1000 


Ba; = 0 + 2:500 + - +» +h 1500+ 2, [2 — (Gj — 1) 
500] (j — 1)500 < h < 7500 (35) 


6220 = Oy se R500 == Glig pa + ky9500 + Rool(h = 9500) 
9500 < hk < 10,000, 


where 6, is computed from ground measurement. 

The k;, then, are the constants describing the 6,-h 
profile which were to be evaluated. 

As the first step in the computation of the k;, a tem- 
perature-density structure was assumed based on stand- 
ard atmospheric profiles. With this temperature-density 
structure, the value of a as a function of height was 
approximated from theoretical considerations. (The 
values of a have been tabulated as a function of T, p, 
and v with the aid of a UNIVAC 1105 computer.) Since 
¢, and D were chosen in such a fashion that the contribu- 
tion from the layers n>2 is negligible, the first evalua- 
tion of the value of k; was straightforward. Thus 


D sin $1 
6a = { a csc $1(6, + Rik) 
0 


h 
"exp E il a csc buh | dh 
0 


(36) 


or 


D sin ¢1 h 
{ ah csc $, exp |- f a@ csc out | dh 
0 0 


(37) 
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Fig. 5—Comparison of computed and actual 
temperature-height profiles. 


The value of 6.1=6,+ih was then converted to the 
temperature profile in the range 0</<500, and new 
values for p and a@ corresponding to this temperature 
structure were found. Approximate values for p and 7 
corresponding to a standard profile from 500 feet up 
were used to compute @ in the range 500 <h <D sin ¢». 
Then the value ky was found as 


500 h 
G5 — i a csc }2(8, + kik) exp | - { a csc oath dh — { 
0 0 500 
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Fig. 6—Additional comparison of computed and actual temperature- 
height profiles. 


approximations to the atmospheric temperature field, 
should not be neglected. The possibility of using fre- 
quency as a profile parameter is suggested as a means of 
relaxing the assumption of horizontal stratification, but 
it is evident that this would lead to practical difficulties 
such as radiometer calibration, etc., as well as to 
mathematical complexity. 


D sin $2 


h 
a(0, + Ris00) exp | - I a CSC oath dh 
0 


co 


Proceeding in this fashion a first approximation to the 
values of k; was obtained. From these values of &;, 
T,,-h profiles which could be compared to the originally 
assumed profiles were derived. This comparison is given 
in Figs. 5 and 6. 


VI. CONCLUSIONS 


The above analysis has shown that if the temperature 
of the atmosphere is assumed to be horizontally strati- 
fied, that a profile of radiometer measurements vs 
elevation angle can be inverted into a profile of atmos- 
pheric temperature vs height. The assumption of 
horizontal stratification is a reasonable one for a first 
approximation and is quite often used in meteorological 
analysis. But it should be kept in mind that although 
the vertical temperature gradients are generally the 
largest, there are horizontal gradients which, for better 


> (38) 


D sin $2 h 
iL a csc ¢o(h — 500) exp | - { a@ CSc bath dh 
5 0 


The first approximate solutions to the profile inver- 
sions which were accomplished with the aid of a 
UNIVAC 1105 computer show a fairly good correlation 
to the originally assumed profiles and, indeed, detect 
atmospheric inversions. Although this gives an indica- 
tion of the mathematical feasibility of a profile inver- 
sion of this type, there are still practical considerations 
concerning the radiometer and the errors inherent in its 
data which have not yet been investigated. For ex- 
ample, it is expected that scattering in a hazy atmos- 
phere, especially at infrared wavelengths, could be a 
limitation to the usefulness of this technique. Despite 
these limitations, it is felt that continued investigations, 
both theoretical and experimental, offer promise of the 
development of a useful technique for the remote meas- 
urement of temperature. 
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Improvement in Tracking Accuracy of Pulse Radar by 
Coherent Techniques* 


S. KAZEL}, ASSOCIATE MEMBER, IRE, AND J. N. FARAONEJ, MEMBER, IRE 


Summary—The theory of optimum linear prediction and filtering 
is applied to determine the optimum system response of pulse (non- 
coherent) and pulse-Doppler (coherent) radars for target motions 
consisting of 1) random steps of velocity, and 2) random steps of 
acceleration. The rms error in velocity data is calculated for each 
system, and the improvement factor of pulse-Doppler over pulse 
radar is obtained. The improvement factor is considerably greater 
in the case of random steps of acceleration, demonstrating that the 
relative accuracy of the two systems depends on the nature of the 
target motion, as well as on the radar parameters. Although the errors 
in both systems are reduced somewhat by allowing large delays in 
output data, the relative accuracy is found to be unchanged. 


I. INTRODUCTION 
A TTEMPTS to improve on the accuracy of veloc- 


ity data obtainable from ordinary, noncoherent 

pulse tracking radars have led to the develop- 
ment of coherent, pulse-Doppler techniques. The pur- 
pose of this paper is to demonstrate that the degree of 
improvement of pulse-Doppler over pulse radar depends 
considerably on the type of target motion, as well as on 
the radar parameters. The theory of optimum linear 
filtering is applied to obtain the design for the pulse and 
pulse-Doppler systems that will, in each case, minimize 
the mean-square-tracking error. The errors for the two 
systems are then compared. The analysis is carried 
through in detail for a target motion consisting of ran- 
dom steps of velocity, and results are also presented for 
the case of random steps of acceleration. Although all 
target motions are not random processes, as are the two 
examples above, the use of random inputs simplifies the 
analysis and demonstrates clearly that the degree of 
improvement in tracking accuracy due to coherent tech- 
niques depends on the type of target motion. 


II. PULSE AND PULSE-DOPPLER RADAR 
‘TRACKING SYSTEMS 


In radar tracking systems, the RF echo pulses are 
modulated by the motion of the target, both in their 
time of occurrence and in their radio frequency. The 
latter effect is the Doppler-shift phenomena. The time 
displacement of the echoes is proportional to the range 
of the target, while the frequency, or Doppler, shift is 
proportional to the target velocity. In ordinary (non- 
coherent) pulse radar, target position or range is ob- 
tained by means of a feedback loop that tracks the time 
of occurrence of the echo pulses. Radial velocity, ac- 


* Received by the PGMIL, May 29, 1961. This work was con- 
ducted under Contract No. DA-36-039-SC-85318. 
+ Armour Research Foundation, Illinois Inst. Tech., Chicago, Il. 


celeration, etc., are obtained by successive differentia- 
tion of range data. In pulse-Doppler (coherent) radar, 
target velocity is obtained directly by means of a feed- 
back loop that tracks the frequency of the echo pulses. 
Integration and differentiation of the velocity daitay 
respectively, provide range and acceleration data. The 
two types of tracking loops are shown in Fig. 1(a) and 
(b). The response of both loops is linear, over the nor- 
mal operating range, with respect to the quantity they 
track. This linearity justifies the representation of the 
tracking loops as linear-feedback networks, as shown in 
Fig. 1(c). The feedback network, in turn, may be re- 
placed by a single block representing the closed-loop 
transfer function of the feedback network, asin Fig. 1(d). 


5 LOW- | ouTPUT 
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* ice 
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[i tate 
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Fig. 1—Representation of pulse and pulse-Doppler tracking loops. (a) 
Pulse-Doppler radar velocity tracking. (b) Pulse-radar range 
tracking. (c) Equivalent feedback network. (d) Equivalent filter. 


Thus, the problem of designing tracking loops for 
minimum error is equivalent to the problem of deter- 
mining the optimum linear filter or transfer function 
that passes the waveform corresponding to range or 
velocity with minimum error. The error criterion ap- 
plied is the total mean square error due to signal dis- 
tortion (lag errors) and system noise. 


III. Optimum LINEAR FILTERING 


The optimum filter effects the best compromise be- 
tween errors due to signal distortion (lag errors), and 
errors due to system noise. The criterion of performance 
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is commonly taken as the total mean-square-error o? 
and is given by! 


c* -{ { | Y(w) 2, (w) 


+ | Ye) — Valo) 


2, (w) H dw (1) 


for the 
Here 


,(w) 
,,(w) 


usual case of uncorrelated signal and_ noise.” 


is the signal power spectrum, 
is the noise power spectrum, 
Yu(w) is the desired operation on the signal, 
Y(w) is the actual transfer function, 
w is the frequency variable. 


The first term in the integrand of (i) is the spectral 
density of the output noise, and the second term is the 
spectral density of output signal distortion. It is as- 
sumed that the radar PRF is large compared to the 
spectrum of target motion, so that no significant com- 
ponents of target motion are lost because of the sampled 
nature of the data. 

The optimum filter for mimimization of the mean- 
square-error is given by** 


1 [ Va(s)®,(s/j 
| (s) ®,(s | | (2) 
+ 


NA ont — 
CS ole 


where ¥(s) and ¥(—s) result from factoring the total 
input spectrum. That is, total input spectrum, 


P(s/j) = ®(s/j) + f,(8/7) = ¥(s)¥(—S), (3) 


where W(s) has poles only in the left half s plane. The 
operation | ], indicates picking the realizable part of 
the expression in brackets (7.e., the part having poles 
only in the left-half plane). It is thus seen that the form 
of the optimum filter for performing a specified opera- 
tion on its input depends only on the spectra of signal 
and noise. 

This paper is concerned primarily with the problem 
of obtaining velocity data from the pulse and _ pulse- 
Doppler radars. It is assumed that no delay in the veloc- 
ity data output is allowable.’ Thus, for the pulse radar, 
which tracks a range signal, the desired operation on 
the signal is differentiation. For the pulse-Doppler radar 
which tracks a velocity signal, the desired operation is 
pure smoothing, corresponding to an operator of unity. 


1H. W. Bode and C. E. Shannon, “A simplified derivation of 
linear least square smoothing and prediction theory,” Proc. IRE, 
vol. 38, pp. 417-425; April, 1950. 

2 The integral extends only over positive frequencies because we 
have chosen to combine spectral components at positive and negative 
frequencies. 

3N. Wiener, “Extrapolation, Interpolation and Smoothing of 
Stationary Time Series,” John Wiley & Sons, Inc., New York; 1949. 

4H. S. Tsien, “Engineering Cybernetics,” McGraw-Hill Book 
Co., Inc., New York, N. Y., p. 238; 1954. 

5 In many tracking problems, no significant delay in data can be 
tolerated. The effect of allowing large data delay is considered later. 
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IV. SIGNAL AND NOISE SPECTRA 
Pulse Radar 


Assume that the target motion is specified in terms 
of its velocity spectrum ®,(w). Since range is the integral 
of velocity, a factor of 1/w relates the magnitude of the 
two components, and a factor of 1/w? relates the mag- 
nitude of their power spectra. Thus, the corresponding 
range spectrum is 


1 
®,.(w) Ze 6 #,(w). (4) 


(2) 


The spectrum of the equivalent signal in the range 
tracking loop is proportional to ®,(w), or 


i 61 = a constant. (5) 


If the input noise has the spectrum V(w), the equivalent 
noise in the range tracking loop has the same form, or 


@,(w) = c2N (a), cy = a constant. (6) 


The optimum filter for differentiating the range 
signal (thus giving the desired velocity data) could be 
obtained from the signal and noise spectra of (5) and 
(6), setting Ya(s) =s in (2). This corresponds to design- 
ing a filter that differentiates and smooths the input, 
all in one step. Mathematically, however, it makes no 
difference if we differentiate the input first, and follow 
this with an optimum smoothing filter. Differentiation 
of the input multiplies the range signal and noise spec- 
trum of (5) and (6) by w, so that the spectra of signal 
and noise to be smoothed, are 


®, = 61Py(w), (7) 
cow? N (w). (8) 


P, 


Pulse-Doppler Radar 


The spectrum of the equivalent signal in the Doppler- 
frequency tracking loop is proportional to the spectrum 
of target velocity, or 


P.(w) = C3Py(w), Ga —vanconstant. (9) 


The effect of the limiter-ciscriminator combination in 
the frequency-tracking loop is to multiply the input 
noise spectrum N(w) by cw”, (see Appendix IV), giving: 


®,(w) = cyw*N(w), (10) 


cs = a constant. 


The desired operation of the loop is pure smoothing. 
Comparing (9) and (10) with (7) and (8), it is apparent 
that the signal and noise spectra have the same form, 
apart from constant factors. Thus, the optimum-filter 
design problem is essentially the same in the two cases, 
except for the values of the constants, noting that the 
pulse radar, in addition, differentiate the input. The 
essential design problem may be restated as follows, 
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Find the optimum filter, given 
Signal spectrum, ®,(w) = ¢a°®y(w) 
Noise spectrum, ®,(w) = c?.V(o) 


Desired operation, Ya(w) = 1 (pure smoothing), 


(11) 
where c,2 and c” are constants. 


V. OptimuM TRACKING OF RANDOM STEPS 
OF VELOCITY 


The target motion is assumed to be a series of al- 
ternate and equal positive and negative steps of velocity 
occurring at random with a Poisson distribution of 
spacings, and having an average switching interval ie 
The power spectrum of this waveform is given by® 


@? 


(0) =) a (12) 


where 


2 
Ke? (Pk gt (13) 


and Vrms is the rms target velocity, neglecting any con- 
stant velocity component. 

The input noise to the radar will be assumed to be of 
constant power density 7 or 


N(@) = ». 


Other noise spectrums can be readily treated; however, 
(14) is the most common in practice. 

It should be pointed out that other processes and 
waveshapes may have the same power spectrum as (12). 
For example, the output of a low-pass, single-section 
RC filter, has the same form as (12), when the input is a 
flat noise spectrum. The solution of our present prob- 
lem is applicable to all other problems having the same 
signal and noise spectra. 

Substituting (13) and (14) in (11) gives the follow- 
ing optimum filter design problem. 


(14) 


Signal spectrum, ®,(w) = babel : (15a) 
Le = 
Noise spectrum, ®,(w) = k?w’, (15b) 
Desired operation, VYa(w) = 1 (pure smoothing), (15c) 
where 
ee de and (Rh =<6,"7. (16) 


The solution of this problem, given formally by (2), is 
carried out in Appendix I. The result is 


1 1 
Gin (aa eho eon 


VAC) opt ae (17) 


6 Tsien, op. cit., p. 123. 
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where 


k eee 
= K b= — 1 2— - 18 
a k/oK, a) ap RE (18) 


At high signal-to-noise ratios (small k), which are 
required for high-accuracy tracking, the optimum filter 
approaches the form 


1 


oe . (19) 
1+ 4/2as + as? 


(Sone a 


Having obtained the optimum filter, the minimum 
mean-square-error in the tracking loop may be deter- 
mined from (1). The integral of (1) is evaluated in 
Appendix IT, for the Y(s) given in (19). The result is 
(o02)2 = V/2a(Ko)*?hU?, (20) 
The subscript / indicates that the error is in the loop 
analog of target velocity. The notation o, indicates 
rms velocity error. This result applies to both the pulse 
and pulse-Doppler systems, except that the values of 
¢@ and k (corresponding, respectively, to effective input 
signal and noise levels) differ in the two systems. It 
therefore remains to evaluate ¢ and k for both systems. 
The constant ¢ is evaluated in Appendix III with 
the result: 


Pulse rad oe ae (21) 
Pulse radar: 2 — — : 

qe | IK 

8 fo 2 aati 
Pulse-Doppler radar: ¢? = , (22) 

TNEG K 


where ¢ is the propagation velocity, and fy is the trans- 
mitted RF frequency. 

The constant k is evaluated in Appendix IV with the 
result: 


1 74 
Pulse radar: ae, (23) 
Sar [Pas 
2 49 
Pulse-Doppler radar: k? = — ——, (24) 
Sie loae 


where 7 is radar pulse width (at the half-amplitude 
points, assuming a triangular pulsé). P,, is average re- 
ceived power, and 7 is system noise power density re- 
ferred to the input. 

Substituting the values of @ and k from (21)—(24) 
into (20) gives the mean-square-error in the loop veloc- 
ity signal: 


212 Vipers 6 Ke 2 
Pulse radar: o)  ———— ( ) ee (25) 
6 C Ie 
ote Vas : IKE e 
Pulse-Doppler radar: (o,))3 = ( ) ay - (26) 
3 G EX 
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In order to obtain the actual velocity errors of the 
target, the loop-velocity errors (o,); must be expressed 
in terms of corresponding target-velocity errors g» as 


Pulse radar: iy = 


(ov)i, (27) 


Pulse-Doppler radar: o, = - (ov). 


ac 28) 
Zaoto 

These two relations follow from the considerations in 
Appendix III. Substituting (27) and (28), respectively, 
into (25) and (26) gives, the final result for o,, the rms 
error in target velocity: 


8 
Pulse radar: cS 7 CV mK tn) Pav: (29) 


— 


6 

Pulse-Doppler radar: o,° = ee OV rekon) Petts 30) 
The improvement factor F of pulse-Doppler over pulse 
radar, defined as the ratio of their rms velocity errors, is 
then found to be 


1/4 
Ars o»(pulse) a ( = far) . 
o»(pulse-Doppler) V2 

As a numerical example for a C-band radar with fy=5 

kMc and r =0.25 usec, the improvement factor of pulse- 

Doppler is (884)"/4 or 5.45. In the following section, re- 

sults are presented for a target motion consisting of 

random steps of acceleration to demonstrate the marked 

dependence of the improvement factor on the type of 
target motion. 


(31) 


“TI. OpTIMUM TRACKING OF RANDOM STEPS 
OF ACCELERATION 


The optimum system response of pulse and pulse- 
Doppler radars for tracking a target motion consisting of 
random steps of acceleration has been derived, using the 
same procedure as in the case of random steps of veloc- 
ity. To avoid repetition, only the highlights and main 
results of the analysis are presented. 

The power spectrum of target acceleration, analogous 
to (12), is given by 


a 
S(O) ee Tiere ares era (32) 
ee 
teers 
K? 
where 
a DNA Sie 
K= OEE ee aimee (33) 
7 K 


and Arms is the rms target acceleration neglecting any 
constant component of acceleration. 

For low noise levels (the usual condition in a high- 
accuracy tracking system), the optimum response of 
the pulse-Doppler system for pure smoothing (no data 
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delay) is 
1 + 2as 
(1 + as)(1 + as + a*s?) 


This response is multiplied by s for the optimum pulse- 
radar response, corresponding to differentiation of the 
input. The parameter a is given by 


a = (k/K9)'", 


where & and ¢ are given by (21)—(24), replacing Vrms 
by Acme: 
The rms error in target velocity oy is found to be 


V(S)opt = (34) 


(35) 


3 
Pulse radar: Oy! = 5 C? Aras KIT) Pagy 50) 


Pulse-Doppler radar: oy! = 3c?Arms’Kn/Pavfo’. (37) 


The improvement factor F of pulse-Doppler over pulse 
radar is 


o,(pulse) ( 1 (38) 


1/2 
ai) 


This expression involves the square-root of the 
quantity in parenthesis. For the previous case of ran- 
dom steps of velocity, the improvement factor was the 
fourth-root of the same quantity. Since the quantity 
(1/+/2for) is in practice always much greater than unity, 
it follows that the improvement factor for pulse Doppler 
for tracking random steps of acceleration will be 
greater than for the case of random steps of velocity. 
For the same numerical example used previously, fo=5 
kMc and t=0.25 psec, the improvement factor be- 
comes (884)!/2=29.7, compared to the previous value 
of 5.45. It is apparent that the nature of the target mo- 
tion has considerable effect on the capability of pulse 
Doppler to increase tracking accuracy. 


ef o»(Doppler) i 


VII. Errect or ALLOWING Data DELAY 


In theory, the accuracy of output data can be im- 
proved by allowing a delay in the processing of the 
data. Essentially, this allows interpolation of the data 
from part of the succeeding signal values as well as 
from past values, rather than from past values alone as 
in pure smoothing. The output errors decrease mono- 
tonically with increasing delay, but approach an irre- 
ducible minimum even for infinite delay. Whether a 
given amount of delay is acceptable depends on the 
particular application. For command or guidance pur- 
poses, little, if any, delay is tolerable. In fact it may be 
necessary to have negative delay, 7.e., a prediction 
system. For purely measurement purposes, considerable 
delay may be allowed; however, it may be more prac- 
tical to obtain such delays by post-data reduction 
rather than attempting to incorporate the delay in the 
radar. One reason for this is that for large delays, the 
instantaneous difference between input and output may 
be quite large, possibly exceeding the linear range of 
operation of the tracking system. 
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The systems analysis is essentially the same if delay 
is allowed, except that the desired operation Ya(s) be- 
comes e~® rather than unity, where a is the delay. The 
irreducible mean-square-error, corresponding to in- 
finite delay, can be calculated directly by means of the 
relation! 


®,(w) ®,, (w) 


= ike Hiri ge CAN (39) 
0 $,(w) aia ®,,(w) 


where ®,(w) and ®,(w) are the power density spectra of 
signal and noise, respectively. 

Evaluation of the infinite-lag-error integral of (39) 
for the target motions considered in this paper, under 
conditions of low noise, shows that the rms velocity 
tracking error with no lag can at most be reduced by a 
factor of two for the case of random steps of velocity, 
and by a factor 34/2 for the case of random steps of ac- 
celeration. The reduction in error is the same for both 
pulse and pulse-Doppler systems, so that the improve- 
ment factor of pulse-Doppler is unchanged. 


VIII. ConcLusiIons 


The optimum design of pulse and pulse-Doppler track- 
ing loops in accordance with a mean-square-error cri- 
teria has been carried out for two random target mo- 
tions. Comparison of the resultant tracking errors 
demonstrates that the improvement of pulse-Doppler 
(coherent) radar over pulse (noncoherent) radar de- 
pends considerably on the type of target motion. Al- 
though tracking errors can be reduced somewhat by 
allowing delay in the output data, the improvement 
factor of pulse-Doppler over pulse radar was unaffected 
by the delay, for the target motions considered. 

It appears very likely that similar results would be 
obtained for nonrandom target motions, such as ballis- 
tic trajectories. Further work in this area is recom- 
mended to obtain specific results. 


APPENDIX | 
CALCULATION OF OPTIMUM SMOOTHING FILTER 


Given a signal of power spectrum ®,, 


¢? 


®,(w) = Sa ee (40) 
se 
—— 
K2 
and a noise power spectrum ®,, 

b,(w) = Rw? (41) 
uncorrelated with the signal, the optimum filter is 
given by 

1 | Va(s)®,(s/7) 
Y(s) = | | ; (42) 

V(s) V(—s) + 
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where Y,(s) is the desired operation on the signal, and is 
equal to unity for pure smoothing, and 


&(s/j) = &(s/j) + ®r(s/f) = W(s)¥(—5). (43) 


The operation [| ], indicates picking the realizable part 
of the expression in brackets. Thus, 


2 
&(w) = &,(w) + &,(w) = g ara Ra? 
(te 
Kk? 
2K 2/p2 2,2 4 
Ge eg Aa ae eS O (44) 
kK? _ a2 
( 2K2 k? = K? 2 4 
nO eee (45) 
K? 2%. gs 
Factorization of ®(s/7) in (45) such that 
B(s/j) = ¥(s)-W(—s) 
yields 
24 Ky/1 + 2(6/Kk) s + (oK/k 
ae + KV/1 + 2(¢/Kk) s + ) (46) 


K+o+s 


with W(s) having zeros and poles only in the left-hand 
plane, as required. From (40), 


(sj) = === oe 
ae ae C2 ag? 

Thus, 

Vas) ®.(s/9) 

 ¥(=3) 

i ie caret 

a @ $= kV/tUO/EDs BORD 
o?K? 1 1 
% (48) 


k K+s s?— KvV/1 + 2(¢/Kk) s + ($K/k) 


The realizable part of (48) is obtained by expanding 
the right-hand side in partial fractions and picking the 
part having poles only in the the left-hand plane. It is 
evident that only the fraction with (K+s) in the de- 
nominator is realizable. Evaluating the coefficient for 
this term gives 


Vals) ®,(s/7) 
| ¥(—s) i 
eke 1 

ko 1+ KV1+ 2(¢/Kk) + o(K/k) K+ 5° 


(49) 


The optimum smoothing filter is then given by 
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Wf Vals) S5(s/7) 
vo = || 
(5) ¥(—S) + 
eK? 1 ( 1 6 
kot + KvV/1+ 2(6/Kk) + (6K /b) \s? + KV1 + 2(6/Kh)s + (OK /k)/ 
For small k (low noise) this reduces to The two terms in the integral of (53) will be treated 
1 separately. The noise term is 
Ks) = 2 1 ie) 
1 + V/2k/oK S) + Ea Se Ey, = —f | Y(w) 2°, (w) deo 
pk =e! 
1 1 ° k?a*dw 7 
= = —) (51) = it sane (S9) 
1 4/24 5 + as? 2 : 
wherea=h/oK. Integrals of the above type can be evaluated directly 
by the “method of residues,”® or by the use of integral 
APPENDIX II tables based on this method.® The result is 
CALCULATION OF MEAN SQUARE ERROR T 
IN FILTERING En = a k?/CoC1. (60) 
The mean square error E may be expressed as Mee T : 
Substituting for c) and c from (57) gives 
= ie Y(w) |? &,(w) 
. | |? ' 1B. pe (K@)3/?7k1/2, (61) 
+ | Y@) — Velo) [*2s(w)}de, (52) 2/2 
where Ya(w) and Y(w) are the desired and actual filter The error due to signal distortion is 
operations, respectively, and ®,(w) and ®,(w) are the 1 a 
input-signal and noise-density spectra, respectively. -, = vl | V(w) — Valu) 2@,(w) do 
Because all the terms in the integrand are even func- 2 
tions, (52) may be written as 2 ¢? 
= 76 — Cow a? 
e=—f[ | V (w) |?@,.(@ 1+ 
5 IO = 
| V(w) — Va(w) 2, (w) } doo. (53) After some manipulation, this leads to 
¢? Oo C 2,4 _ G 27,2 d 
RE, Sue pia (63) 
_» | 1+ jer + (/K))e — [eo + (a/K)]o? 
For the problem in Appendix I. This integral may be evaluated using the method of 
¢? residues or integral tables, with the result 
i (54) 
oe 2 1 Co 
5 1 (« Se 
= p? 5 Ci 
®,,(w) k*w ’ ( ) =— ro?K? es Ss ss : (64) 
1 2 (ni) 
i (“Kw +1)+ 
1 + cis + cos? C1 Cy 
1 Low noise 
4 Tey a ( opbet Pelon ? (56) 
where 8 E, C. Titchmarch, “Theory of Functions,” Oxford University 
7 Pog NG Worsley INIs Woe fare ce L cone 
= = 5 y t ¢ r rvomechanisms, ” 
% Monee ae 2 ore 20 Rad. Lab. Sa McGee Hill ese, EeaNe a N. Vewviols 
Ya(w) = 1 (pure smoothing, no delay). (58) 25: 1947. See Appendix. 


292 


Substituting for co and c from (57), and taking k& small 
as assumed, gives 
S oor K6)2/2g102 
es ee 
The total mean square error in filtering is obtained by 
adding (61) and (65), giving 


(65) 


for small k. 


E=E, + E, = V2n (K¢)3/?R1?, (66) 


APPENDIX III 


EVALUATION OF Loop SIGNAL 
LEVEL COEFFICIENT, @ 


The constant ¢@ in (15a), corresponding to loop sig- 
nal level, is evaluated as follows. Since the tracking 
loop signal spectrum, 


®.(w) = eee (67) 
Lt 
Kk? 
is the analog of target velocity spectrum, 
d2 
————— (68) 
eae 
K? 
it follows that ¢o? is the loop analog of a’o. Therefore, 
since 
a ZZ Verso (69) 
. ap IK 
it follows that 
2 (Vier) ; 
ooo = (70) 


1 K 


where (Vrms): is the rms input signal, corresponding to 
velocity, in the loop. 


Range Tracking Loop 


In the range tracking loop, a change of target range 
Ar produces a time displacement in the loop At; given by 
2 
At; = — Ar, 
; 


(71) 


where c is the velocity of propagation. 
A target velocity V produces a loop “velocity” V, of 


s (At); 2 Ar 2 
At GaN C 
In terms of rms values, 
2 
(Veale = aaa Vives G75) 
C 
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Substituting (73) in (70) gives the desired evaluation of 
the constant ¢ for pulse radar: 
8 Vrms" 


74 
oe (74) 


¢” = 


Doppler Tracking Loop 

In the Doppler, or frequency, tracking loop, the 
Doppler-shift frequency fa produced by a target velocity 
V is 


V 
fa — 2fo be: (75) 


where fo is the transmitted RF frequency. Since Doppler 
shift is the loop equivalent of target velocity, we have 


V 
Vi = fa = 2fo— - (76) 
G 
In terms of rms values, 
Vise 
(Vance y = 2fo , (77) 
C 


Substituting (77) in (70) gives the desired evaluation of 
the constant ¢@ for pulse-Doppler radar: 


8 (“) Vie 
a \ © K 
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(78) 


S 
| 


EVALUATION OF Loop Norse LEVEL 
COEFFICIENT, k? 
Pulse-Radar 


The effect of input noise on the range tracking loop 
of the pulse radar is to produce a jitter in the detected 
time of arrival of the echo pulses. It has been shown 
that the rms time jitter, Af, with optimum demodula- 
tion, cannot be less than!” 


(79) 


where ya is the noise spectral density at the time dis- 
criminator (referred to the input); € is the signal energy 
(referred to the input); and @ is the effective signal band- 


width, given by 
{cap 
0 


BP = - 3 
fin 
0 


_ '° A. J. Mallinckrodt and T. E. Sollenberger, “Optimum pulse- 
time determination,” IRE Trans. ON INFORMATION THEORY, vol. 
PGIT-3, pp. 151-159; March, 1954. 


Faleds 


(80) 


df 
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Here, F, is the Fourier spectrum of the input pulse. 
For the triangular pulse shape assumed in this analysis, 
the Fourier spectrum is of the form 


sin (2afr/2) ] 


2afr/2 (81) 


F,(2nf) = c| 


Substituting (81) in (80), and making the substitution 
x =2nfT/2, gives 


Baar aes (82) 
tT Sin ee T" 
i ac 
The received signal energy € is 
a= Pal. (83) 


where Pay is average received power and 7 is the PRF 
period. Due to foldover of the noise sidebands in detec- 
tion, the noise density at the time discriminator (re- 
ferred to the input) is twice the input noise density 7 or 


teh Soe Dir (84) 
Substituting (82), (83), and (84) into (79) gives the 
final expression for time jitter of the received pulses: 
aero 


i | 
SAP 


(85) 


The output of the range tracking loop time dis- 
criminator, for each pulse, is stretched to the full PRF 
period 7 using a “boxcar” detector. The effective loop 
noise is then a random amplitude square wave of period 
T and rms magnitude Af given by (85). The power 
spectrum of this noise signal can be shown to be of the 
form [sin (w7'/2)/(w7/2) |? with low frequency density 
k? given by"! 


ae 
| ju ence VAN ae 


T 


(86) 


When the PREF is large relative to the signal spectrum 
(as assumed in this paper), only the low-frequency noise 
components are of significance. Thus, for purposes of 
analysis, the loop noise density may be considered flat, 
having the value Rk? of (86). Combining (85) and (86) 
gives 


(87) 


1G, G. MacFarlane, “On the energy spectrum of an almost 
periodic succession of pulses,” Proc. IRE, vol. 37, pp. 1139-1147; 
October, 1949. 
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Pulse-Doppler Radar 


For low level noise inputs, the noise spectrum out of 
the FM discriminator of the Doppler tracking loop is 
quadratic in w, and is given by!” 


(88) 


where na is the effective input noise density (assumed 
constant) into the discriminator, and A, is the (peak) 
magnitude of a sinusoidal intput signal. 

The signal input, prior to the band-pass filter of the 
tracking loop, is a pulsed carrier having an assumed 
triangular shape. The band-pass filter isolates the 
carrier component A, which is then tracked in fre- 
quency. A Fourier analysis of the trangular wave gives 
the magnitude of the carrier component as 


At ope 

Wh (89) 
where P,, is average received power, 7 is pulse width 
(at the half-amplitude points), and T is the PRF 
period. 

The effective input noise density 7a is much less than 
the actual input noise density 7, because of the gating of 
the input. A close approximation for the effect of gating 
on the low-frequency noise component is that it reduces 
it by the duty cycle of the gate."* Since the gate must be 
of width 27 to accept the entire triangular pulse, we ob- 
tain 

Mp 


Ugh = se fc 


- (90) 


Substituting the above values of A, and na in (88) gives 
the final expression for the noise spectrum in the Doppler 
tracking loop: 


®,,(w) SS (AO (91) 


where 
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Integrated Missile Flight Safety System at Vanden- 
berg/Point Arguello* 


K. E. BAILEYT anp J. K. MOLLERY, SENIOR MEMBER, IRE 


Summary—tThe background for the present safety system is out- 
lined in a review of the original Air Force plans and installations and 
subsequent Navy-Air Force agreements for the coordinated use of 
the Pacific Missile Range, considering the expanded scope of opera- 
tions in the area. 

A description is given of the ground stations in the unified acqui- 
sition and tracking system for range safety as well as the auxiliary 
equipment for missile monitoring during early parts of its flight 
trajectory. A review is made of the associated data transmission and 
processing equipment including operational direct voice circuits. The 
corresponding safety equipment in different types of missiles is dis- 
cussed in connection with both command, tracking, and telemetry 
functions. The implementation of the flight termination command 
requirements is outlined in the main transmitting station and missile 
checkout apparatus. The support areas of status reporting, t2lemetry, 
timing, and communications are discussed in detail. Finally, new 
requirements for precise downrange impact prediction and vehicle 
thrust termination are described. 


I. BACKGROUND 


N March, 1958, the Chief of Staff, USAF, and the 
| Chief of Naval Operations signed an Agreement for 

the Coordinated Peacetime Operation of the Pa- 
cific Missile Range. This agreement assigned the Navy 
certain responsibilities, among them, “Range Safety 
precautions within the Pacific Missile Range.” 

Prior to the agreement, an Instrumentation and 
Range Safety System was designed, installed, and 
operated by USAF at Vandenberg AFB to serve the 
planned training launches of operational ballistic missiles. 

In September, 1959, the Agreement for the Coor- 
dinated Peacetime Operation of the PMR was rewritten. 
The new agreement increased the Navy responsibility 
in range safety to include “Establishment of range 
safety criteria and the review and approval of range 
safety plans, procedures and equipment for all missiles, 
satellites, and space vehicles launched at or into the 
Pacific Missile Range.” This agreement was further 
modified in December, 1960, giving the National Range 
Commanders the responsibility and authority for ac- 
tuating inflight destruction devices when required for 
safety on all missiles. 

In the meantime, the scope of missile operations in 
the Vandenberg/Point Arguello area (Fig. 1) had been 
increased to include polar-orbit satellites and R and D 
and target-type vehicles as well as a more comprehensive 


* Received by the PGMIL, June 1, 1961. The opinions or asser- 
tions provided herein by LCDR Bailey are not to be construed as 
official or reflecting the views of the Navy Department or the Naval 
service at large. 

{+ Lt. Commander, U.S. Navy, Pacific Missile Range Headquar- 
ters, Point Mugu, Calif. 

t Space Systems Tech. Group, the Siegler Corp., Inglewood, 
Calif. 


ballistic missile training program. To meet the added 
responsibility and greater requirements by range users 
in all services, PMR established a plan for an Inte- 
grated Missile Flight Safety System covering both 
USAF and Navy requirements. The instrument sys- 
tems and equipment available to meet these require- 
ments including the existing USAF system were studied 
to determine suitability for present and future programs, 
considering the functions of the Vandenberg/Point 
Arguello area and the Pacific Missile Range as a whole. 
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Fig. 1—Outline of Vandenberg/Point Arguello area. 


Economy and total launch schedule dictated that only 
one integrated center should be provided. After exten- 
sive study, it was decided to locate the permanent 
range safety center at Point Arguello rather than ex- 
pand the Instrumentation Control Center building at 
Vandenberg AFB. This decision was based on the ex- 
tent and capability of existing facilities and those being 
installed as well as cost factors. Also, the integrated 
center could be developed and checked out without 
interruption to the Vandenberg safety system, and 
could be demonstrated in a “monitor” status on actual 
missile flights. 


II. INTEGRATED MISSILE FLIGHT SAFETY SYSTEM 
(IMFSS) 


The Integrated System (Fig. 2) basically consists of 
four radar stations, one BI-COTAR system, an IBM- 
709 computer, trajectory display equipment, and a 
command destruct transmitter. For close-range work, 
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the System also uses optical, wire, and radar skyscreens. 
Supporting this equipment is an extensive voice, status 
reporting, and remote control wireline network. 
Microwave and radio voice equipment terminating in 
the Range Operations (RO) building, Point Arguello. 
links the IMFSS with the remainder of the Pacific 
Missile Range and allows for a greater flexibility in 
operations and instrumentation tie-ins. It is, for in- 
stance, quite feasible to use data from a radar station on 
San Nicolas Island, compute it on the IBM-709, and 
display the results for the Missile Flight Safety Officer 
(MFSO) at Point Arguello. Of the above equipment, 
the radars are located on Point Arguello, while the 
BI-COTAR and the command destruct transmitter are 
on Vandenberg. Communications, control and display 
equipment, and the IBM-709 are in the RO building on 
Point Arguello. The skyscreens are mobile and located 
as required in relation to each launch pad. 
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Fig. 2—Block diagram of IMFSS. 


The primary tracking radars (Fig. 3) are two C-band 
AN/FPS-16 by RCA, superbly located on top of a 
2000-ft mountain. These provide a practical tracking 
accuracy of 0.2 mil in azimuth and elevation, and 15 
feet in range. One unit is set up for a maximum range of 
200 and the other for 500 nautical miles. Peak power is 
1000 kw with pulse widths of 0.25 to 1.0 usec. Data 
output is both 17 bit digital and de analog. CUBIC digi- 
tal distribution units and COLLINS Kineplex .equip- 
ment are used to transmit the digital data by wire to the 
IBM-709. To aid target acquisition each FPS-16 uses 
a MK-51 gun director, manually operated, for remote 
synchro designation to its antenna. The MK-51 has 
proved very useful in directing the radars at Vandenberg 
during the first seconds of missile flight until automatic 
track is established. In addition, each FPS-16 can be 
slaved to the other for antenna and range gate position- 
ing. The secondary tracking radars are two S-band 
AN/MPS-19, located on a small hill near the RO build- 
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ing. These are 250-kw modified SCR-584 units, one 
designated as Master for independent or Master/Slave 
connected operation with a maximum range of 200 nau- 
tical miles. A MK-51 director, positioned adjacent to 
the radar vans, is shared by the two radars for remote 
antenna designation. Data output is de analog trans- 
mitted by wire to the RO building. 


Fig. 3—AN/FPS-16 radar. 


The primary radars skin track the average IRBM 
or ICBM to a slant range of 200 nautical miles. Range 
restrictions for beacon tracking are set by the equip- 
ment range gate limits for targets equipped with radar 
beacons. The secondary radars provide good tracking 
out to 100 nautical miles slant range against passive 
missile targets. 

The CUBIC BI-COTAR system (Fig. 4) was orig- 
inally intended as the primary long-range tracking sys- 
tem at Vandenberg and provides precise real-time posi- 
tion to 50 nautical miles, and missile flight azimuth out 
to 700 nautical miles. The system measures phase differ- 
ences on the telemetry carrier radiated from the missile, 
and from these develops direction cosines. Two extremely 
flat, four-acre antenna fields are used, each with two 
perpendicular baselines containing three pairs of an- 
tennas for coarse, intermediate, and fine track. Near 
each field is a building with data receivers, signal 
strength and frequency monitors, which connect with 
the IBM-709 computer over wirelines through Kineplex 
equipment. The BI-COTAR is unique in being the 
first equipment of its kind with all-electronic phase 
measurements and binary digital output. The system 
performs well and tracks regularly beyond 1000 nau- 
tical miles slant range. Normal acquisition altitude (due 
to antenna field radiation patterns) is 1000 ft over the 
launch pad, but the system has frequently locked on to 
the missile before lift-off and provided useful early 
trajectory data, thanks to a multiple-point data smooth- 
ing program in the computer. 
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Fig. 4—BI-COTAR systems diagram. 


In the RO building, the IBM-709 computer accepts 
data from the FPS-16 radars and the two COTAR 
fields, and provides present position and instantaneous 
impact prediction outputs which are displayed on 
MILGO 30-inch vertical plotting boards in the Range 
Safety Center (RSC). COTAR data from either field 
alone provides a direction angle to the missile and this 
output from the computer is displayed on a constant- 
speed stripchart recorder in the RSC. The data from 
the AN/MPS-19 radars and the analog data from the 
AN/FPS-16 radars passes through coordinate con- 
verters and axis rotators before being plotted on the 
30-inch boards. All radar and COTAR data can be dis- 
played on any one of the six plotting boards and a 
data selection console behind the MFSO (Fig. 5) has 
the capability of controlling and displaying the data 
from any source on any board with instantaneous 
switching. This console has provisions also for opera- 
tional direct voice communications to radars and 
COTAR field stations, and a control panel for program 
directions to the IBM computer is planned for the near 
future. 

During the period of time from lift-off until the elec- 
tronic tracking-devices have “lock-on” track, the missile 
flight is monitored (Fig. 6) by optical and radar sky- 
screens. The optical skyscreen system consists of MK-51 
and vertical wire skyscreens. The MK-51 skyscreens 
are telescopic devices which transmit angular deviation 
in the horizontal (ground) plane over analog de circuits 
to constant-speed stripchart recorders located in the 
RSC. The MK-51’s are located so that one is on the 
reciprocal of the launch azimuth and the other normal 
to the launch azimuth. These instruments then provide 
angle deviation relative to the intended course and the 
“up-range, down-range” direction. Assistant MFSO’s 
observe the stripchart recorders for COTAR and sky- 
screens, and report to the MFSO by voice. 

The vertical wire skyscreen (Fig. 7 opposite) is located 
normal to the launch azimuth, and by sighting along 
two vertical wires the operator has a vertical plane 
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Fig. 5—Layout of Range Safety Center. 
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Fig. 6—Equipment deployment at launch site. 


reference. The wire is so oriented that the vertical plane 
will pass through the missile on the pad. The data from 
this instrument is in the form of a voice report of missile 
performance as described by the skyscreen operator to 
the MFSO by voice direct line. 

The radar skyscreens (RADSKY) were developed to 
replace the optical skyscreen during periods of reduced 
visibility. Originally a 50-kw GILFILLAN AN /FPN-33 
X-band radar, this apparatus has been modified mainly 
by stepping up the scanning rate, increasing the scan 
angle, and adding a beamsplitter mirror system to its 
indicator unit (Fig. 8) so that trajectory limits may 
be superimposed on the radar presentation. Its accu- 
racy is satisfactory up to 5000-ft altitude for the rela- 
tively coarse observations necessary; extensive field 
tests have given very good results. In addition to all- 
weather capability, the positioning of RADSKY is not 
as critical as that of optical skyscreens, since trajectory 
contours are more easily adaptable to the radar pres- 
entation. This system recently met the supreme test 
when an ATLAS/AGENA vehicle was successfully 
launched in dense fog which completely obscured the 
missile from view by the optical skyscreens. This was a 
significant step toward an all-weather safety system. 
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Fig. 7—Wire skyscreen. 


Fig. 8—Presentation unit for RADSKY. 


For flight termination of errant missiles, the MFSO 
over duplicate and differently routed wirelines re- 
motely controls the command destruct transmitter 
(Fig. 9) located on a 750-ft hill at the rear of Vanden- 
berg. The 60-ft tower supports an omnidirectional 
UHF antenna for close-in work and a four-helix direc- 
tional UHF antenna for long distance coverage. Dual 
AN/FRW-2A FM transmitters driving two COLLINS 
240D 10-kw amplifiers (Fig. 10) are used for maximum 
reliability. The FRW-2A is used to feed 500 w into the 
omnidirectional antenna during the early portion of a 
missile’s flight, after which a pre-set timer switches 
over to 10 kw into the four-helix antenna. Power level 
is controlled also by the MFSO who can remotely over- 
ride the timer as well as monitor the transmitter output 
and initiate destruct commands. Automatic monitors 
at the station will select standby units if RF power 
drops or modulation fails. Field tests indicate that the 


Fig. 9—Command destruct transmitter. 
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Fig. 10—Block diagram of command destruct transmitter. 


MONITOR SIGNALS 


station has a satisfactory cylindrical radiation pattern 
10 miles high with a 50-mile radius from the omnidirec- 
tional antenna and a 17° by 55° beam from the direc- 
tional unit that produces good RF fields to 750 nautical 
miles. 


II]. MisstLEBORNE EQUIPMENT 


To comply with economy considerations and USAF 
requirements for operational missile training, the 
IMFSS requires only command destruct capability and 
a telemetry transmitter (to function as a passive track- 
ing beacon) on board ICBM’s launched into the PMR. 
In IRBM’s, the latter instrument could conceivably be 
omitted, as existing radars are capable of tracking 
an IRBM beyond the point where it could no longer 
return and impact on the mainland and coastal islands. 
However, the importance of gross vehicle performance 
data exceeds the value of a small telemetry set and a 
unit (Fig. 11) such as a UED AN/DKT-15 with 25 w of 
PAM/FM/FM around 250 Me, and about 60 meas- 
urements is always carried. A typical command destruct 
receiver is the modified AVCO AN/ARW-62, a 21-tube 
dual conversion UHF superheterodyne with decoder. 
Of course, R and D yehicles carry considerably more 
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Fig. 11—Telemetry transmitter AN/DKT-15. 
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Fig. 12—Missileborne safety equipment. 


telemetry, as is reflected in the PMR telemetry ground 
station installations for the area. 

The control and monitoring of the missileborne 
safety equipment (Fig. 12) is accomplished by an 
operations and checkout (O and C) console in the block- 
house associated with each launch pad. This console is 
connected independently to the missile over umbilical 
cables and has the following main functions: 


1) Checkout and monitoring of command destruct 
missile subsystem. 

2) Arm and safe missile destruct ordnance. 

3) Selection of internal/external power to command 
receivers and telemetry set and activation of 
safety system battery. 


Therefore, in addition to power supplies, switching 
devices and status lights, this console has a special RF 
signal generator capable of synthesizing commands to 
the command destruct receivers. 

The use of the O and C console during a launch 
operation is an outstanding example of the interservice 
working relationship in the Vandenberg/Point Arguello 
area. The console operator is a senior Air Force Sergeant 
provided by the First Missile Division to support Air 
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Force sponsored launches. He operates the O and C 
console when directed by the MFSO, a Naval Officer 
located in the RO building at Point Arguello. Only 
through this cooperative atmosphere of interservice 
coordination have many launches been executed with- 
out delay because of missileborne safety equipment 
with all components performing properly during the 
flight. 


IV. SUPPORTING RANGE INSTRUMENTATION 


Functions pertaining to range instrumentation which 
were not part of the range safety system have been as- 
sumed by the Range Operations Department, Naval 
Missile Facility, Point Arguello. This includes the 
operation of telemetry fixed ground stations, com- 
munications, and range timing. The telemetry station 
has, however, a safety function in that the existence 
of the telemetry carrier is necessary for the functioning 
of COTAR. 

The PMR telemetry facility consists of two stations 
and ancillary equipment. One station, which is a Re- 
ceiver and Tape Recording Station, includes 1) Six 
NEMS-CLARKE 1401A FM receivers, 2) Six NEMS- 
CLARKE 1411A FM receivers, 3) One AMPEX FR 
107A tape recorder/reproducer and 4) One AMPEX FR 
107A tape recorder. This equipment has the capability 
to record six RF’s per tape deck, but has no display 
capability. It will be augmented by the addition of 
another station containing similar equipment. 

The second PMR telemetry station includes a Re- 
ceiver and Display set-up containing 1) Two NEMS- 
CLARKE 1411A FM receivers, 2) Three BRUSH model 
RD2661 six-channel pen recorders, 3) One R. M. Parsons 
5201-2058-1 PAM/PDM decommutator station and 4) 
18 subcarrier discriminators. This station has the capa- 
bility to display 18 continuous channels of telemetry 
data by means of pen recorders. An additional Receiver 
and Display Station is planned using NEMS-CLARKE 
model 1432 receivers which will permit over 100 per cent 
increase in displayed channels and data. 

The present facility utilizes two ANDREW model 
No. 50110 tri-helix antennas and an RF patch-bay to 
permit patching of any receiver to any multicoupler or 
receiver to any antenna. By use of NEMS-CLARKE 
type MC-406 multicouplers, and NEMS-CLARKE 
type 203 preamplifiers, a highly. sensitive receiving 
system is obtained in which up to six receivers can be 
operated from one antenna. The system has the further 
capability of selecting the signal with the highest signal- 
to-noise ratio for display and/or recording. 

Range timing is presently provided from a central 
timing generator containing a one Mc crystal oscillator 
with a stability of one part in 100 million and syn- 
chronized with WWVH. Pulse-rate dividers and time- 
code circuits produce a 12-digit binary timing code on 
a 100 and 20 and a 13-digit code on one pulse/second 
basis as well as 1000, 100, and one-cps reference fre- 
quencies. Timing signals are distributed to all launch 
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complexes and camera stations as well as within the 
IMFSS over the special direct-line communications 
system that is required for the range safety operations. 
A 17-digit system is under installation to allow for fu- 
ture coordinated missile experiments with the Atlantic 
Missile Range and other national ranges. 

Communications for IMFSS is furnished by a special 
network, designed primarily from the viewpoint of 
range safety. Direct lines for the handling of critical 
operational information such as voice communication 
and countdown, remote control, status reporting, and 
digital time display are isolated circuits, not connected 
through the main facility switchboard. Noncritical gen- 
eral business traffic is handled over additional standard 
dial phones. This allows for complete control over 
operational traffic and permits the installation of simple 
visual-aural signaling devices as well as arbitrary and 
pre-set conference circuits. 

Status reporting is done with three-lamp modules 
containing low-voltage transistor switches. Green, 
amber, and red lights indicate READY, IN PROCESS 
and NONOPERATIONAL during a countdown, while 
after missile lift-off, these colors mean SAFE, DOUBT- 
FUL, and UNSAFE, as applicable to each subsystem. 
All reporting lines, as well as remote control, monitor, 
and critical direct voice lines outside the RO building 
have 100 per cent back-up. With the exception of the 
lines terminating in the MFSO and data selection 
consoles as mentioned above, all voice and status re- 
porting lines terminate in an instrumentation control 
room, adjacent to the RSC. 


V. PLANNED ADDITIONS 


With range users establishing requirements for in- 
strumented impact areas located near inhabited islands 
downrange in the PMR, the need for long-range impact 
prediction is essential for range safety. The Navy is 
presently installing a General Electric Range Safety 
Instrumentation System (GERSIS) to provide impact 
prediction from lift-off to target. GERSIS is essen- 
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tially the tracking portion of a GE MOD III guidance 
system tied in with an IBM-7090 computer, which 
computer will replace the present IBM-709. All missiles 
launched toward targets located near inhabited islands 
wil be required to carry a transponder compatible to 
the GERSIS. 

Also, in the planning stage is a television system to be 
used primarily by ground safety for pad and area sur- 
veillance, but with two cameras so arranged that they 
can be used by range safety as television skyscreens. 
They will be located approximately in the same manner 
as the MK-51 skyscreens with monitors at RSC. This 
instrumentation will give the MFSO instant indication 
of gross malfunctions in the early flight phase, which is 
particularly important during launches of solid propel- 
lant missiles since the increased initial velocities do not 
allow enough time for a vertical wire or MK-51 verbal 
report. 

A new requirement on the range user has been estab- 
lished by PMR range safety in that certain missiles 
must have thrust termination capability by a means 
other than destruction. In some instances, it is possible 
to increase hazards by the shot-gun effect of missile 
destruction rather than by letting a “bad bird” go. Also, 
thrust termination provides positive prevention of over- 
flying the target without interfering with the missile 
system. This feature is highly beneficial to both the 
project and range safety. 


VI. CoNCLUSION 


The assimilation of the original range safety system 
at Vandenberg AFB into the present integrated missile 
flight safety system was an orderly transition commenc- 
ing in early 1960. By mid-June, 1960, when a launch 
was fully supported from the new safety center at Point 
Arguello, the IMFSS had been demonstrated on several 
actual launches without interference to the Vanden- 
berg system supporting the launch. No subsystem was 
accepted unless it provided the same degree, or better, of 
range safety and protection to a good missile as the sys- 
tem it replaced. 
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The Digital Data Processor for the Skytop Static Test Facility * 


K. M. ROEHR}, MEMBER, IRE, AND R. D. COLEMANT 


Summary—tThe Digital Data Processor implements a new data- 
acquisition concept which permits self-adaptive, accurate, real-time 
digitizing and editing of a large number of high-frequency data 
channels. The system was designed to meet the constantly changing 
requirements of a high-energy propulsion engine research and de- 
velopment program. 

The centrally located processor basically samples 127 channels of 
analog information from any one of several 1-million-pound static 
test stands, and produces a digital tape. Before a new test the 
sampling scheme of the data channels is quickly set for any desired 
selection sequence that will best fit the new test situation. During 
a test the data processor can monitor preselected channels. Based 
on their performance, sampling priority can be shifted from one 
channel group to another, thus automatically optimizing the data- 
acquisition process. Immediate digitizing of the multiplexed analog 
data preserves its original accuracy. Record lengths on the output 
tape are programmable, and the tape format is compatible with the 
IBM 7090 computer. 


INTRODUCTION 


HE cost of testing high-energy propulsion engines 

in static test stands makes it desirable to acquire 

as much data as possible from any one firing. These 
large quantities of data can be most efficiently reduced 
and analyzed by use of a high-speed digital computer. 
The Digital Data Processor was designed to receive the 
meaningful data, to preserve its accuracy, and to store 
it ina form which can be used for direct computer entry. 
The more detailed requirements for the device can be 
stated as follows: 

1) The transmission error from the sensing element 
to the final data shall not exceed 0.1 per cent. Allowing 
for errors during transmission and amplification, the 
modulation equipment should introduce less than 0.03 
per cent of error. 

2) A maximum of 127 data channels shall be ac- 
quired simultaneously. 

3) The sum of all intelligence frequencies on the dif- 
ferent data channels will not exceed 5 kc. 

4) One centralized control room will serve several 
test bays. Therefore: 


a) the acquisition equipment shall be easily con- 
nectable to one bay or another, 
b) sampling schemes shall be quickly changeable. 


5) The data should be in a format suitable for direct 
input into a large universal-purpose digital computer. 
6) During the test, basic maximum-minimum compu- 
tations on selected data channels shall be performed. 


* Received by the PGMIL, May 29, 1961. 

7 IBM Federal Systems Div., Communications Systems Center 
Rockville, Md. Formerly with U. S. Naval Ordnance Test Station, 
China Lake, Calif. 

ft U.S. Naval Ordnance Test Station, China Lake, Calif 


The results will be used to optimize the data acquisition 
process and to perform closed-loop test control. 


Historical Solutions 


The classical way to acquire propulsion test data is to 
record the frequency-modulated and mixed signal onto 
magnetic tape. After completion of the test, the data is 
fed through filters and demodulators into a time-multi- 
plexed analog-to-digital converter and finally into a 
digital computer. This method has two main disad- 
vantages: 

1) Achievable over-all accuracies are less than 1 per 
cent because the sequence of modulation, mixing, re- 
cording, reading, filtering, and demodulation invariably 
introduces errors. 

2) Every data channel needs separate modulation 
and demodulation equipment, which is very costly for a 
large number of data channels. 

A better approach is to digitize the data as soon as 
possible, in order to preserve its accuracy. Many suc- 
cessful systems have been built using this approach. 
Their shortcomings for our particular application were 
primarily in three areas: 

1) Their analog sampling schemes were relatively in- 
flexible, permitting channel-sequence or sampling-fre- 
quency changes during a test only at the expense of los- 
ing data points. 

2) Their output tapes were not directly intelligible 
to and compatible with a large computer and required 
special editing. 

3) Their computing capabilities were usually not 
adequate for self-adaption and closed-loop control. 


The DDP Approach 


The Digital Data Processor represents an evolution- 
ary step beyond the best-known historical approach. 
The fixed-rate commutator was replaced by a randomly 
addressable gating structure, which is actuated by in- 
structions from an internally stored program. The for- 
mat buffer was enlarged to a random-access memory 
for simultaneous data and instruction storage. A di- 
rectly-compatible IBM 729 tape is written. A Flexo- 
writer serves for checkout and maintenance, and high- 
speed program read-in is accomplished via photoelectric 
cardreader. In addition, computing capabilities were 
provided to monitor preselected channels. All actions in 
the analog input, in the digital input-output, and in the 
arithmetic unit are initiated from the instruction-inter- 
preting central control unit. 

The logical design of the Digital Data Processor has 
much in common with a general-purpose digital com- 
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puter. This general-purpose design concept is considered 
ideal, since the test stand has, as part of its mission, the 
experimental and developmental advancement of in- 
strumentation state-of-the-art. 


THE SKYTOP ACQUISITION CONCEPT 


Fig. 1 shows how the transducer-generated signals 
from the test bay are fed through the nearby blockhouse 
into 800 feet of twisted-pair shielded cable. In the 
centrally located instrumentation building the signals 
are amplified to a maximum of +5 volts and are used 
for different ways of recording. Direct-writing oscillo- 
graphs and stripchart recorders provide quick-look in- 
formation. High-frequency but low-accuracy data chan- 
nels, such as those which record vibration, are used for 
wide-band recording on magnetic tape. The most im- 
portant and the most accurate data is fed into the Dig- 
ital Data Processor via low-pass filters in order to cut 
out high-frequency noise. To back up the digitizing 
process in case of failures, the same channels are also 
frequency-modulated, mixed, and written onto mag- 
netic tape. After the test, data from the high-frequency 
channels can be digitized through DDP. 
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Fig. 1—Typical data-acquisition channel. 


Tue DiciraL DATA PROCESSOR 


The main characteristics are given in Table I. A more 
detailed discussion follows. 


Data Flow 


The 127 channels of analog data from the test stand 
are connected to the electronic commutator,! which is 
capable of feeding one of the 127 input voltages into the 
sample-and-hold amplifier every 80 usec (see Fig. 2). 
The channels to be sampled and the sampling sequence 
are determined by the instruction arrangement chosen 
in the sampling program. The sample-and-hold ampli- 


1 J. Millmann and A. E. Puckett, “Accurate linear bidirectional 
gates,” Proc. IRE, vol. 43, pp. 29-37; January, 1955. 
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fier samples a selected channel for 2 wsec and holds this 
value during the conversion time. The sampled voltage 
level is fed to the analog-to-digital converter? and is con- 
verted into a 12-bit binary data word. After serial-to- 
parallel conversion and assembly of two data words, 24 
bits are transferred, in parallel, to the ferrite core mem- 
ory.’ This process continues until the number of words 
specified by the program have been written into the 
memory. 


TABLE I 
DDP CHARACTERISTICS 


Mode of Operation: 


serial 
Number system: binary 
Word length: 24 bits 


Operation speed: 24 wsec per instruction cycle 


Core memory: 2048 words, 1 read-write cycle per 8 psec 
Index registers: 7 
Analog input: 19 channels, 1 sample =12 bits per 80 psec 


Flexowriter: 1 octal word per 0.8 sec 
Cardreader: 400 cards per minute 


Digital input: 


Digital output: magnetic tape: 1 word per 144 psec 


Flexowriter: 1 octal word per 1.1 sec 
ANALOG INPUT 
127 CHANNELS 
: ELECTRONIC eave — = Seta 
I COMMUTATOR 1 — conTroe ' ' 
| =. 
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"MANUAL CONTROL. B <i 
INFORMATION O'SPLAY 


Fig. 2—DDP block diagram. 


At this point the program initiates a write-tape in- 
struction which transfers the data from the memory, 
one memory cell after another, into the input-output 
buffer. Six bits at a time are shifted in parallel into the 
tape-write circuitry, which in turn writes the six data 
bits, together with one parity bit, onto the 34-inch mag- 


2“The Multiverter System Application Manual,” Packard- 
Bell Corp., Los Angeles, Calif. 

3 “Instruction Manual for Coincident Current Random Access 
Memory Systems,” Computer Control Co., Inc., Wellesley, Mass., 
Contract 3917, Navy Contract N123(60530)20833A(FBM); July 8, 
1959. 
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netic tape.! The spacing between words, the end-of- 
record gap, the longitudinal parity, and the end-of-file 
indication all follow the IBM-tape format so as to per- 
mit automatic processing of the data in the IBM 7090 
computer. 


Instruction Flow 


Instructions can be entered from a set of switches in 
the central control panel, from the Flexowriter, from 
the cardreader, or from one of several magnetic tape 
units via the input-output buffer. Once the program has 
been read into the memory, the automatic program- 
cycling can begin. After start has been manually initi- 
ated, the contents of the program counter, located in 
central control, are transferred in parallel to memory 
control, where they determine the first instruction word 
to be read out from memory into the central control 
section. In the continuous-start mode, contents of the 
program counter are incremented by one after every in- 
struction cycle, unless a counter-set instruction Is given. 

Depending on the operation part of the instruction 
word, action in the different control sections of analog 
input, arithmetic, or digital input is initiated. The 
address part of all standard instructions (see Fig. 3 and 
Table II) can be modified by the contents of any one of 
seven index registers before it is routed into the proper 
control counter. The instructions LDX and INX are 
used to load and to increment the contents of the index 
register. The indexing capability provides a powerful 
tool for relative addressing and makes it easy to gen- 
erate complex sampling scans. 

The address part of the channel-select instructions 
contains the next channel address to be sampled. As 
soon as the analog input has finished its last selection, 
this address is transferred in parallel to the analog in- 
put. 

Two instructions must be sent to the input-output 
section to control an input-output operation. The first, 
a counter-set instruction, specifies how many words are 
to be read from or written into the memory. The second, 
an input-output instruction, specifies the first memory 
location to be operated on, the input-output device to 
be used, and the operation to be performed. Once these 
instructions are sent, the entire operation is performed 
under input-output control until the specified number of 
words have been read or written. Analog input and 
central control operations proceed independently dur- 
ing the input-output operation. 

Conditional transfers of the program counter can be 
made on the basis of the result of a compare instruction, 
the sign of the data word in the accumulator, or other 
externally derived conditions. For ease of programming 
the program counter is unconditionally transferred with 
either the instruction STU or CTS, which also initiate 
selection of one data channel. 


' “Ampex Digital Tape System, Series FR-300 Digital Tape 
Handler,” Ampex Corp., Redwood City, Calif. 
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TABLE II 
DDP INstTRuUCTIONS 
Abbreviation Instruction designation 
HPR Halt and proceed 
STU Set counter unconditionally 
Sie Set counter conditionally 
COM Compare 
SUB Subtract 
LDA Load Accumulator 
STA Store Accumulator 
LDX Load index 
INX Increment index 
CSS Channel select single 
(CSID) Channel select dual 
Gis Channel transfer select 
WRT Write tape 
RWT Rewind tape 
RDF Read Flexowriter 
WRE Write Flexowriter 


NUMERICAL DATA: 


1. DATA WORD 2- DATA WORD 


| 2 | 13 24 


STANDARD INSTRUCTIONS 
COUNTER 


OR TAPE AUXILIARY 


NUMBER CODE LOAD CONSTANT 


14 2a 


OPERATION INDEX 


| 4a|5 it 


8 10 | " 13 


ANALOG-INPUT INSTRUCTIONS 


OPERATION |, CHANNEL ADORESS 2.CHANNEL ADDRESS NOT USED 


! 
[: VS 6)|e 3 |i 20 
1 = 1 J 


Fig. 3—DDP word format. 


Timing 

To accommodate time-shared memory access of 
central control, analog input, and digital input-output, a 
synchronous clock system was employed. This consists 
of a 12-usec (Ay: - + Aur) and 8-ysec (Bo - - - Bz) clock 
(see Fig. 4). The 12-usec clock is used for timing of op- 
erations with the 12-bit data word, while the 8-usec 
clock corresponds directly to the 8-usec read-write-cycle 
time of the memory. Out of these two clocks a 24-usec 
clock is generated which controls the functions during 
an instruction cycle. After central control has once had 
access to the memory, another 24 usec can elapse until 
it needs a new instruction. In between the memory is 
free to handle two more 8-usec memory requests, which 
are allocated to analog input and digital input-output. 

Analog-input timing consists essentially of a repeti- 
tive 80-usec start-of-conversion pulse, which is syn- 
chronized with the central 8-usec clock. The analog-to- 
digital conversion is completed in 52 usec, and the re- 
maining 28 usec, before the next conversion, is used for 
changing to a new channel address. Program-counter 
C1 cannot proceed to a new instruction if central con- 
trol has a new analog-input instruction ready before the 
analog input has finished the old instruction. By this 
means, time interlock between analog input and central 
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Fig. 4—DDP timing. 


control is accomplished. During sampling, at intervals 
of every 160 usec, one 24-bit data word is assembled in 
analog input and read into memory. 

After receiving a tape-read instruction, the digital 
input-output control starts the tape transport. After 5 
msec the tape is at full speed. When an input-output 
memory access cycle occurs, a start-read pulse initiates 
the first in a series of information transfers from mem- 
ory to tape. This process repeats four times, once every 
36 usec, for every memory word written on tape. Every 
144 usec a new word is requested from memory, until a 
number of words determined by the contents of counter 
no. 4 have been written on tape; 165 usec after the last 
recorded bit of data, a longitudinal parity bit is pro- 
duced. 

The timing diagram shows that many memory access 
times are not used. The unused times may be employed 
to initiate and execute operations in the arithmetic unit. 
After a dual-channel select instruction, for instance, five 
arithmetic instructions can be given without interfer- 
ence. The execution of these instructions utilizes free 
memory cycles between analog input or digital input- 
output accesses. 


Sampling Scheme 


In compatible sampling a number of input lines are 
sampled at different time intervals, but only one chan- 
nel at a time can be selected and connected to the ana- 
log-to-digital converter. This can be done if the larger 
sampling-time intervals are integral multiples of all the 
smaller ones. Starting with the shortest sampling-time 


interval, Zo, (determined by the basic analog-to-digital 
conversion time), longer compatible time intervais are 
derived as follows: 


1 = Ki-fo 

T22K2 oi 

(eT eR i= ibs (1) 
where K1, K2,-.--, Kn can be any one integer, 1,2, 


See eClGs 
By transformation, the different sampling times can 
be expressed by products of K’s: 


Ties iio 

1? = KR To 

B= ROAR KA To 

TCI Ka he en KO oan 


The selection of sampling-time intervals according to 
(1) is a necessary but not a sufficient condition for com- 
patibility. Also the number of samples must not exceed 
the capacity of the system. For instance, when the 
longest chosen sampling-time interval is 7m, and the 
shortest possible one is Zo then a maximum number of 
Tn/To samples can be taken between two Tn samples: 


Tn 
_ + - —+ 1, 
Tn — 1 


(3) 
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If the equal sign in (3) is true, it is called a complete 
scan; if the scan is incomplete (>sign applies), we easily 
fill out the scan by adding sampling events of insignifi- 
cant data (zero channel selects). Using (2), (3) finally 
becomes 


Tn 
— > K2-K3-K4---Kn—1-Kn 
To 

+ K3-K4---Kn—1-Kn 

xe 
+ 
zs 
+ Kn—1-Kn 
+ Kn+1. (4) 


With the derived formulas a sampling program can 
be effectively produced on a general-purpose computer. 
The limitations on scan complexity are far beyond what 
is practically necessary and desirable. In order to 
illustrate the program-generating mechanism, a simple 
example is given in the Appendix. 


SELF ADAPTATION 


Tests, especially on new deveiopments, frequently do 
not perform as expected. The parameters of amplitude 
and frequency may vary more than anticipated. The 
amplitude range of present analog-to-digital converters 
is fairly wide, so that variations of about +2 orders of 
magnitude are allowed. Frequency variations in a time- 
multiplex system are more critical. If the signal fre- 
quency gets smaller than expected, little harm is done 
except that redundant data is acquired, which has to be 
edited out. However, if the frequency gets much larger 
than the sampling frequency, essential data can be lost 
and the benefits of the whole test are questionable. In- 
creasing the sampling frequency to cover the entire ex- 
pected range proves to be very costly because parallel 
techniques have to be used. Even when economical 
high-speed serial analog-to-digital converters and data- 
storage devices become available, this approach is 
questionable because of the immense amount of data 
that would have to be handled in order to obtain even a 
small amount of meaningful information. 

Another method, which would appear more practi- 
cable, is toadapt the sampling frequency to the frequency 
content of the sampled signal. In this way the time as- 
signed for sampling the various channels would be opti- 
mized, and the system could fail only if the over-all 
input frequency exceeds the available sampling capac- 
ity. However, the problems arising from implementing 
such an ideal self-adapting scheme would be manifold. 
One critical factor, for instance, would be the time re- 
quired to identify the input frequency and to change 
the sampling rate accordingly. Another problem is that 
low-pass input filters are required in order to cut out 
disturbances resulting from high-frequency noise. With 
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increasing signal frequencies and correspondingly higher 
sampling rates, the cutoff frequencies of these filters 
would have to be raised. 

During a normal static firing of a propulsion system, 
the frequency limits of the different test parameters are 
well known beforehand. Only in case of a blow-up will 
the change of voltage at distinct test channels be too 
fast to be properly sampled. To provide for these cases 
it is desirable to shift sampling priority to preselected 
characteristic channels, sacrificing data from other less 
important channels. 

The arithmetic unit is used to determine whether the 
sampling scheme should be changed. As soon as the dif- 
ference of successive samples from selected channels ex- 
ceeds a programmed limit, for instance, an automatic 
program transfer to other pre-stored sampling loops 
can be initiated. At the beginning of these alternative 
loops, write-out instructions are sandwiched in between 
channel selections. Thus, data write-out is initiated, 
while the new sampling process immediately feeds new 
information into other parts of the memory. 


TEST CONTROL 


Propulsion engines are getting more and more sophis- 
ticated. During firing, parameters that influence either 
the amount or the direction of thrust can be changed. 
To test the performance of these controls, a predeter- 
mined sequence of monitoring signals is fed from ex- 
ternal generators to the control organs. In case the re- 
sponse of the test motor does not stay within distinct 
desirable limits, the monitoring capability of the Digital 
Data Processor can be used to exercise closed-loop con- 
trol. By storing the necessary control steps, the test can 
be successfully finished and evaluated. One other test- 
control application would be to preprogram the desir- 
able values of thrust, for instance, and let the DDP 
derive the control functions that are necessary to 
achieve these values. During the test the generated con- 
trol signals are recorded and can be used to compute 
the control characteristics of the motor. 


CONCLUSION 


The Digital Data Processor implements a new data 
acquisition concept which permits self-adaptive, real- 
time digitizing and editing of a large number of high- 
frequency data channels. 

The DDP conversion process, from the analog input 
to the final magnetic tape, introduces less than 0.02 per 
cent error into the acquired data. Any number of chan- 
nels up to 127 may be acquired and digitized to cover a 
wide range of test data. The basic analog-to-digital con- 
version rate permits a wide range of sampling rates on 
all channels. 

The DDP may be switched to serve any one of several 
test bays by removing and replacing one connection. 
The entire sampling scheme for the device may be read- 
ily changed before a test by reading in a new program, 
or during a test by shifting to a new control loop ina 
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program. The DDP output tape is suitable for direct 
input into a large general-purpose computer. 

The computing capabilities of the DDP permit it to 
examine incoming data and change the sampling scheme 
to fit test requirements during a test, or exercise closed- 
loop control on a test in progress. 

The DDP minimizes the time needed for before-test 
preparation and after-test evaluation. The flexible 
sampling scheme, high data rate, and ease of changing 
the sampling schemes make this device unique in its 
ability to handle widely variable test situations. 


FUTURE DEVELOPMENTS 


Advances in the state-of-the-art of propulsion systems 
will call for real-time data acquisition and test-control 
concepts even more effective than the ones that can be 
provided at present. For these future needs a DDP will 
be supported by a large universal-purpose computer 
having a program-interrupt feature (currently the IBM 
7090). A two-way wide-band microwave link is being 
installed to provide a closed-loop system. Thus the 
Digital Data Processor will be most useful for the time- 
consuming pretest checkout and calibration operations, 
where there is no need to tie up the expensive large 
computer. Shortly before the test firing the large com- 
puter will be interrupted, and after transmission of 
calibration data the real-time data acquisition and eval- 
uation can begin. The significant test data will be avail- 
able shortly after the finished test. By sending only 
short control words the central computer can easily ini- 
tiate change of the original sampling pattern. 

It is felt that the combination of a low-cost but flexi- 
ble, predominantly off-line operating system with large, 
powerful, centrally located computers that are other- 
wise economically utilized, presents an optimum solu- 
tion for the problem of data acquisition and real-time 
test control of high-energy propulsion systems. 


APPENDIX 
EXAMPLES OF COMPATIBLE DATA SCANS 


For Table III (1) was used to generate four different 
arrays of sampling times. The time intervals are given 
in multiples of the basic conversion time Jo. For the 
DDP case they must therefore be multiplied by 80 
usec. We restrict ourselves to only three values of Kz, 
namely 2, 3, and 5. 

Starting from any point of the array, compatible 
sampling-time intervals can be found by going either to 
the right or to values below the original ones. Inala); 
(b) and (c) of Table III, the same Ki values were used 
for generating horizontal rows or vertical columns; 
in (d), horizontal Kz’s are alternately 3 or 5, to illus- 
trate the variety possible. 

In order to show the use of (3) we choose a practical 
example shown in Table IV. The sampling time inter- 
vals, 7i/To, were selected from (pine lable lit.“ The 
longest chosen relative sampling time is 71/To=100 


Roehr and Coleman: Digital Data Processor for Skytop Static Test 


305 


TABLE III 


SoME COMPATIBLE SAMPLING- [IME INTERVALS IN MULTIPLES 
OF SHORTEST SAMPLING TIME To 


Ki 5 5 5 > 5 
1 5 25 125 625 Bip YS) 
3 3 15 us) 375 1,875 9,375 
3 9 AY ASS LS) 5,625 28,125 
(a) Kt=3 or 5 
Ki 5 5 5 5 5 
1 5 25 125 625 5) WS) 
2 2 10 50 250 1,250 6,250 
2 4 20 +100 500 2,500 12,500 
(b) Ki=2 or 5 
Ki 3 3 3 3 3 3 
1 3 9 27. 71 243 729 
Z p) Gu al8 54 162 486 1,458 
2 4 12 36 108 324 972 2,916 
2 8 24 72 216 648 1,944 5,832 
2 16 48 144 423 1,296 3,888 11,664 
(c) Ki =2 or 3 
Ki 3 5 3 8 3 5 
1 3 15 45 DDS) 675 Sig OMS) 
2 2 6 30 90 450 1,350 6,750 
2 4 12 60 180 900 2,700 13,500 
(d) Ai =2, 3 and 5 
TABLE IV 
EXAMPLE OF PRACTICAL SCAN 
Channel No. of Ti Tn Ss Tn 
designation channels To Ly Ti 
1---6 6 10 10 60 
Ghee ceaehy (OD 6 20 5 30 
Screen 10) 7 100 1 7 
Tn 
07 = —— 
ye To 
Mil oo 6 OB 3 100 3 
Tn 
100 = — 
ye To 


=) n/-+O. 1 heretore: 


Tn 
Tn To 100 
ee ee 
co ee 


has to be multiplied by the number of channels that 
have the same sampling rate. These values are used in 
accordance with (3) to determine if the scan is complete. 
In order to achieve a complete scan, three channel- 
select zero instructions were inserted to satisfy the equal 
condition of (3). 


LEGEND 
start ee es 
INSTRUCTION CODE 
stu-4 
° MEMORY 
1940 mee «-X] yA” LOCATION NO. 
StU=% REGISTER NO— 
a8 
COUNTER 
Ox La WP CHANNEL NO. COMPARE )CONSTANT 
' ° ° REGISTER 
Lox |, 1NX 5 MEMORY ADDRESS 
2 ° 2 2 
STU-1 
16 
2 15 
nx |, — 
wien aS a at 
cso csp |, cso cso cso Lox |o6 
teee le 3-14 |! is-i6 |'9 7-16 |?! 9-0 |@ [2 9° 
SSAA 2 > BH es 
eso |. STU-| T Ho (CSET en STUHIN 54 CSD le 
3-4 32 4 4 4 0-0 
ead — 7 
cso sTc-1 STC-! |az7 
7 32 40 
5-6 | 36 1 
stu-1 |, aa ves NO YES 
' 6 
STU-1 WRT STU-1 STU-2 
40 
4] > 438 Se) 4 e 48 
cso cso T stu-t HPR ai 
7-8 |? uni2 [2 | a |? | 
ma com |., | stu-t | 4, 
{| 9-10 2 1944 | 
STU-1 
" 
| | 
Ye 


1 ee 1 


Fig. 5—Example of DDP instruction flow. 
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The next step during a manual-program preparation 
is to develop a timing diagram that shows the different 
sample events and their sequence. From there it is a 
short step to the instruction-flow diagram, a simple ex- 
ample of which is shown in Fig. 5. 
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Determination of Satellite Trajectories from Track-While-Scan 
Radar Measurements* 


R. B. BARRAR}, MEMBER, IRE, AND R. DEUTSCH], senroR MEMBER, IRE 


Summary—Classical methods for determining satellite orbits 
were limited to the use of angle information and only rough estimates 
of distance. With radar, it is possible to obtain good range informa- 
tion, but poor angular accuracy. Three approximate schemes 
are described which are ideally suited to track-while-scan radar 
observations. The accuracy obtained with these techniques has been 
demonstrated by the numerical evaluation of some typical cases. 


I. INTRODUCTION 


T is well-known that a set of radar observations can 
if be employed in several ways to determine the com- 
plete trajectory of an object in free-space fall.' Al- 
though there is really no simple “best” method of com- 
puting the trajectory parameters from the observa- 
tions, practical limitations of numerical analysis make 
some schemes more difficult to implement than others. 
For the class of trajectories under consideration, the 
measurements can be reduced to obtain solutions for the 
parameters without resorting to approximating tech- 
niques. However, in the interest of saving computa- 
tional time and required computer capacity, it is often 
* Received by the PGMIL, May 24, 1961. 
+ System Dev. Corp., Santa Monica, Calif. 
t Hughes Aircraft Company, Culver City, Calif. 
1 J. I. Shapiro, “The Prediction of Ballistic Missile Trajectories 


from Radar Observations,” McGraw-Hill Book Co., Inc., New 
York N. Y.; 1958. 


essential that exact-solution techniques be replaced by 
a suitable computational method which will provide re- 
sults arbitrarily close to the true solutions. 

The approximation schemes described in this paper 
are based upon a method of Gibbs.? The principal de- 
parture from Gibbs is that reliance is made on the fact 
that while optical observational systems provide ac- 
curate angular information and no direct distance meas- 
urement, radar observations provide good distance 
measurements coupled with poor angular information. 
The proposed solution methods carefully avoid the solu- 
tion of transcendental equations and produce answers 
for which the computational errors are more than 
masked by the original observational errors. 

The analysis is restricted to the simple two-body prob- 
lem with no disturbing forces. Thus, the observed object 
is assumed to be moving in free-space throughout its en- 
tire trajectory. Various secondary effects such as the 
sun and moon influence, continental shelves, and air 
drag are neglected. No corrections are included in the 
simplified analysis for the nonhomogeneity of the earth’s 


* J. W. Gibbs, “On the determination of elliptic orbits from three 
complete observations,” Mem. Natl. Acad. Sci., vol. 4, pt. 2, pp. 79- 
104; June, 1889. 
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gravitational field of the nonsphericity of the earth. The 
effect of perturbing forces can be included in the analy- 
sis for those cases in which the application of the calcu- 
lations and the measurement accuracies warrant their 
consideration. 


II. PREDICTION 

Using a set of observations from a scanning radar, 
the problem is to extract values of trajectory parameters 
that completely describe the simple orbital motion. For 
present purposes, it is assumed that no measurement 
errors exist. Therefore, since the object’s motion can be 
completely specified by six trajectory parameters at a 
given time, discussion will be limited to nonredundant 
radar data sets of six distinct measurements at known 
time. Problem of data-smoothing using over-deter- 
mined data sets, although related to trajectory determi- 
nation, are not treated in this paper.'* 

The trajectory is completely specified by knowledge 
of the object’s position and vector velocity at a stated 
time. There are several other sets of trajectory param- 
eters which can just as well be employed. For example, 
the elements of the ellipse such as the eccentricity, semi- 
latus rectum, and the inclination of the major axis form 
a specification suited for computation of quantities in 
the plane of the orbit. 

Fig. 1 illustrates a system of geocentric coordinates 
that are convenient for computation in the plane of the 
orbit. The free-space trajectory, under the assumed con- 
ditions, is an ellipse with a focus located at the center 
of the earth. is the geocentric radius vector from the 
center of the earth to a point P on the trajectory. Angles 
in the plane of the orbit are measured from a reference 
line that is chosen as the intersection of the orbital 
plane with the earth’s equatorial plane. 


Fig. 1—Geocentric coordinates. 


There are several techniques for determining the 
trajectory from a scanning radar; however, this paper 
will be restricted to the use of two positional measure- 
ments at known times. The use of rate-of-change in- 
formation is not considered. By the use of a simple co- 
ordinate transformation, the original radar coordinates 


3R, Deutsch, “Estimation of Trajectory Parameter Vector 
from Radar Observations: Hortonote 24,” Sys. Dev. Corp., Santa 
Monica, Calif., Tech. Memo-483; May, 1960. 
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of the object in flight provide values of the geocentric 
polar coordinates p;, 0; (1 =1, 2), in the plane of the orbit. 
These values can be directly substituted into the polar 
elliptic equation, 
a(1 — e?) 
1 — ecos (6; — wy) 


pi i= 1,2. (1) 


A solution for the unknown quantities a, e, w requires 
an additional relationship. An equation that can serve 
as the required third relation is a statement of Lambert’s 
theorem.‘ This relation can be written in the form 


(to — t)pog!/2a—3/2 = (m — sin m) — (n — sinn), (2) 


where 
_ m Lega pomien Ne 
sin = — : 
2 D a 
it 1 / pi pee 
sin = ; 
uy a 
and 


C= pr 5 po” a 2pipe2 COS (Os ora 6,). 


po is the earth’s radius and g the gravitation accelera- 
tion constant. Eq. (2) is a transcendental relation that 
can he solved to find a value of the major axis 2a. With 
this value of a, (1) can be solved for the remaining 
parameters Ww and e. The solutions are: 


set 
F = a/pi G=Sa/fpx2 “He= is J Nea Ge 

then 

e = (—B — VB? — 4AC)/2AC (3) 
with 

A = F2?+ G? — 2FG cos (6; — 42) 

B = — 2[FH + GJ — cos (6; — 6:)(FJ + GH)| 

+ sin? (62 — 6:1) 

C = H?+ J? — 2H7J cos (6; — 62). 
Now, set 
k=a(l—e) D=(1—k/p:) E=(1—k/o), (4) 
then 


tan W = (Ecos 6; — D cos 62)/(D sin 62 — Esin6;). (5) 


[The derivation is messy but straightforward, for exam- 
ple, squaring and adding (38), (39) with k =a(1 —e?) 
gives a quadratic equation for e? solved by (3); now 
writing out the linear equation for e sin W and e cos in 
(37) and dividing the solutions yields ‘yell 


4, T. Whittaker, “A Treatise on the Analytical Dynamics of 
Particles and Rigid Bodies,” Dover Publications, New York, N. Was 
1944. 
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% vee, ee 
III]. VELociry APPROXIMATION 


The main objective of this paper is to introduce com- 
putational schemes which will circumvent the necessity 
of solving transcendental equations. Although many 
approximate solutions can and have been employed for 
the stated problem, the solutions that follow have a 
certain elegance in that they are founded on dynamical 
principles rather than on numerical approximations. 

The key to the first solution method is obtained by 
noting that for motion in a central force field, conserva- 
tion of energy provides a relation between the length 
of the orbit’s semi-major axis, and the scalar velocity at 
any orbital point. This classical relationship is 


”) y? 
@=———>; (6) 
p K 
where 
K = po-g 
= 1.41008 « 101° ft?/sec?. (7) 


Eq. (6) permits one to substitute a determination of the 
scalar velocity at any given point on the orbit for the 
problem of determining the length of the semi-major 
axis. 

Following Gibbs, assume that the geocentric radius 
vector o(t) can be represented by a third-degree vector 
polynomial. Thus, 


of) = A+ Bi+ Cr + Dé. (8) 


This relation has a simple physical interpretation. A 
represents the initial vector, B its velocity, C its accel- 
eration, and D its jerk. 

If (8) is evaluated for the two given values of 0;, ft, 
the result is simply two equations containing four un- 
known constants. The trick is to observe that because 
the motion takes place under the influence of a central 
force field, the vector acceleration supplies the two re- 
maining required equations. That is, 


d*9 0 
bee SS (9) 
dl? p® 
= 2C + oDi, 
where 
p= |o|. 


Eqs. (8) and (9) can be combined to derive the follow- 
ing expression for the vector velocity: 


dg 
Va=— = B+ 2Ci+ 3D 


i KT / 02 1 9 
Vite (pn = 91) ( 
(t) T o 01) 3 Nps an ; *), (10) 


where 


(11) 
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The magnitude of V can be obtained from (10) and 
substituted in (6) to find the required value of the semi- 
major axis. It is interesting to reflect on the two terms 
on the right-hand side of (10). The first term is a velocity 
expression that is equivalent to assuming rectilinear 
motion between the two observed points. The second 
term can be thought of as being a correction induced by 
the fact that the motion is under the influence of a 
central force field: 


IV. Grspps’ METHOD 


The procedure for computing the major axis of the 
trajectory as presented in the preceding section is prob- 
ably more than adequate considering the errors con- 
tained in conventional radar measurements. It is in- 
teresting, though perhaps academic, to show with the 
same input data that there exist other rather simple 
methods for computing the trajectory elements with 
even greater accuracy. Before describing these refine- 
ments, it is convenient to reproduce some of Gibbs’ re- 
sults which will be needed. 

Assume, for the present, that three radar observa- 
tions have been made at distinct times for an object ina 
free-fall trajectory. Corresponding to (8), let the geo- 
centric radius vector be represented in the form 


oi(f) = A+ Bi; + Ci? + Die + Et4; += 1,2,3. (12) 


For convenience, choose the time origin at f2=0 and de- 
fine 


T, = t3 — lo 


T3 = le — th. (13) 
The appropriate expression for the acceleration is 
d*0;(t) 0; 
—— = —K—=2C+6Di;+12Ei?. (14) 
dt? pi 


Eqs. (12) and (14) are a set of six equations in five un- 
knowns. A solution of this system will exist if the aug- 
mented determinant of the coefficients vanishes. That is, 


9 
eae) Ui aS} 


ova veal 
PR Sh i eth 


03 1 T1 T1- Ti T\ 
—Ko, 
: 0 0 2 —6r3 127.2 
pi = 07) (15) 
—Ko» 
: 0 0 D 0 0 
pe 
—Kos 
0 0 2 Or, 127? 
ps3® 


The evaluation of the determinant produces Gibbs’ 
fundamental equation 


1101 — N202 + 303 = O, (16) 
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where 
hy = Ai + B,/p1°) 
ny. = (1 — Bo/pr*) 
WU A3(1 a B;/p3°) 


tril 
Ae 
T1 + Ts 
is 
Ae = 
fiesta ts 


By ab ea (ar he T1T3 ie T3°) 
1b 


Oe 
By = 12 (7? = 3T1T3 = T3") 


Be = Ae (722 + tTiT3 — 73°). (17) 
Perform vector multiplication on (16) to obtain 
2101 X 03 — M202 x 03 = 0 
—101 X 02 — 2303 X e2 = 0, (18) 
or 
oo X os eX es OX or (19) 
Wy nN» N3 


Hence, the fundamental equation (16) may be re- 
garded as signifying that the three vectors, 01, 2, 93, 
lie in one plane, and that the three triangles, each de- 
termined by a pair of these vectors, have areas usually 
denoted by [o2, os], [o1, 03], [e1, o2|, which are propor- 
tional to m1, 72, 73, respectively. Evidently, the funda- 
mental equation is equivalent to Keppler’s law on equal 
areas. 


Define 


120033 (20) 


5S; = Nipis 


If s, is defined to be a line lying along 9, then s1, S2, Ss 
form a triangle. Eq. (1) can be thought of as a linear 
equation in the three unknowns k=a(1—e”), e cos p 
and e sin w. Substitute x;=p; cos 6; and y; =p; sin 6; and 
solve for k. The result is 


Pi 1 Yi 
P22 2 
a8 

ee P3 3 - V3 (21) 

1 “1 V1 

1 Xo Y2 

1 %3 V3 

Eq. (21) can be simplified to the form 

ee p1[ 2, 03] aa p2| 0103] aiF ps| 01, o»| : (22) 


[o2, 03] — [o1, os] + [o:, o2l 
Insert (19) and (20) in (22). Whence, 
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Nip, — Nopx + Nsps Sit Sots 
k= = ep OK) 


Ny = Ny + Ns nN — Ne + Ns 


The expression (m—m2.+m3) and (si—se+ss3) are 
small quantities that cannot be very accurately deter- 
mined from approximate values of their separate terms. 
The first quantity can be accurately determined by us- 
ing the relations in (17). Thus, 


Ny — Ny + ns = A 1B, /p.° I Bo/p2* ae A3B3/p3°. 


To determine the second quantity, (s:—s2+ 53), with 
equal accuracy, employ the trigonometric formula 


2(s — 5s3)s 
: tan? 4(62 — 61) 
(s — $1 


2(s — s3)s 1 — cos (2 — 41) 


(24) 


$y — So +S3 = 


= me) 
(s—s,) 1+ cos (2 — 61) 
or 
2 = — 1—c As = A, 
neces (s — $1)(s — Ss) cos ( ) oe 
§ ilo= Gos (03 > 6;) 
where 
§ = 1/2(s1 + so + 53)- (27) 


V. ALTERNATE COMPUTATION SCHEMES 


Employing the results of Gibbs, two improved tech- 
niques have been developed for predicting orbital 
parameters from radar measurements. Instead of con- 
sidering the length of the major axis as the unknown, it 
will now be convenient to consider the length of the 
semi-latus rectum as the unknown quantity. Of course, 
these quantities are related by the expression 


k= a(i — e). (28) 


Case A 


Assume that the radar provides measurement of 91 
and o» at a time separation of 73. Now choose 


5 nk 


5 (29) 


Ut Fae 1063 


which is the value that makes B;=0 in (17). With this 
choice, the remainder of the required coefficients be- 


come 
; A Sail 
Te poe 
e/a 
By, Kr3" 
12 
Scr4 
By = uA T3" (30) 
12 
bx = 0) 


Sis Aj[pr =F B,/p1| 
yy oar Bo/ ps” 


53 = [sv + 5? — 25,52 cos (82 — 64) pe, 
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Substitute the values given in (30) into (23). The expres- 
sion for the semi-latus rectum can be put into the form 


E ~ | F — cos (62 — ou] 
a ' 2 aay | 1 _ cos (As =a 61) 4 (31) 


- : A 1B, By 
Woubee 
Pl p2 
Case B 


A still more accurate procedure can be used to de- 
termine k, at the expense of additional computation. 
Let 0 and 9; be obtained from radar measurements at a 
separation of TJ sec. Choose 71;=73;=7/2 and find g» 
from (16). By/ps* is obtained as the real root of the cubic 
equation; [this equation follows from a simple modifica- 
tion of mopo=S» after substituting for m2 via (17) }. 


By 
S2° 
The other required quantities are found to be 
1 KT 
Si 2? 
; 96 pi 
Sy = [sy + 53? + 25153 cos (A; — 6,) |}? 
é il KE” (3) 
§3 = 2p: . ror 
3 3 06 ps? 
The solution for k can then be written in the form 
k = 2G/N, (34) 
, where 
N= A,B,/p13 ae Bo/p»? ap Al 3B3/ps° 
a (s — s1)(s — 53) 1 — cos (63 — 6) 
: s 1+ cos (6; — 6) 
10 
Bo a KARZ 
96 
A,B, = TE eis (35) 


VI. PREDICTION OF IMpActT PoINT 


As an example of use of the results given in the pre- 
ceding section, consider the problem of computing the 
impact point of a free-falling body from scanning radar 
observations. Suppose a value of k is computed us- 
ing one of the methods of Section V. From the radar 
observations, the values of (1, 61) and (ps2, 62) are known. 

The first item to compute is the value of (6)—6:), 
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where 6) corresponds to the impact point. Write this as 
(9 — 61) = (0 — ¥) + (Y — 41) 

= (00 — ¥) + 1/2(2p — 6; + 82) 

+ 1/2(02 — 61). (36) 


Since (6:—6;) is assumed known, only the other two 


terms must be determined. Write (1) in the form 
C.COS Ay aby) aa Nowe k/ p33 ne (37) 


Using the two known values in (37), the result is 


esini(2y — 6, — 2) = BER (38) 
and 
2-2(—+-) 
ecos4(2y — 6; — 0) = Tea 7 = i (39) 
Dividing the last two expressions yields 
1 1 
tan 32Y — 8 ~ &) = = BS Oe a a ae) 
Fee Oc 


which determines 3(2Y—6,;—62) and, with the knowl- 
edge of 3(82—61), determines (6,—wW). [Squaring and 
adding (38), (39) yields 7?, then a=k/(1—/?), thus the 
methods described as Case A and Case B can also be 
used to derive a. | 

Write (37) with 7=0, 1 to obtain 


ies k/po 


cos (69 — py) = 
(8c v 1 — R/p, 


cos (6, — w). (41) 


Eq. (41) determines (@)—W) which, together with the 
previous results, determines (6; —6o). 


VII. NuMERICAL RESULTS 


Since analytical expressions for the approximation 
errors in the three schemes are difficult to formulate, a 
set of numerical cases were evaluated to illustrate the 
validity of the methods. These results are shown in Fig 
2. The orbit chosen for illustrative purposes is described 
by the following parameters: 


a, =0.78025389: eccentricity. 
a2 = 2.934299 KX 10° nautical miles: semi-major axis. 


as =0.10416955) _ 
=0.90334339}' Cartesian components of 


as =0.41607619| normal to orbital plane. 
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adg= 1.8087277 radians: angle between the equatorial 
reference line and major axis. 
a7=1.3407257 X 10° sec: time between launch and 
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TABLE I 
VELOcITY APPROXIMATION 
(WitH AssocIATED ERRORS) 


apogee. Time True [Approximate] Velocity | Semi-Major 
; Separation Velocity Velocity Error Axis Error 
In standard astronomical parameters, the reference ~ 
orbit is specified by (sec) (nm/sec) (nm/sec) (nm/hr) (nm) 
= 5 35.265461 | 5.5386226 | 5.5385383 0.3031 | — 0.0641 
e=0.78025389 ; 4 52.888752 | 5.5383344 | 5.5381416 0.6941 | — 0.1469 
a =2.9342999 X 10° nautical miles 70.500797 | 5.5379311 | 5.5375874 1.2372 | — 0.2618 
pee ee RO 105.67620 | 5.5367785 | 5.5360087 | 2.7714 | — 0.5864 
; E 140.76200 55351647 | 5.5338067 4.8887 | — 1.0342 
Q=83.5° E 175.72880 | 5.5330895 | 5.5309899 7.5584 | — 1.5986 
O=283.6° 210.54778 5 .5305526 | 5.5275688 LOMA |S 22 742 
rig 245 .19069 S SINS | 5. SISO 14.3905 | — 3.0416 
296 .76461 5.5221879 | 5.5164601 20.6199 | — 4.3553 
414 .82587 §.5056121 | 5.4951941 37.5050 | — 7.9042 
512 .86383 5 .4868680 | 5.4722762 52.5305 | —11.0406 
607 .39862 5.4639126 | 5.4457219 65.4864 | —13.7139 
712 .66609 5.4317707 | 5.4110733 74.5106 | —15.5177 
812 .02428 5.3938027 | 5.3734903 73.1245 | —15.1209 
905 .13532 5 .3499410 | 5.3338994 57.7498 | —11.8359 
1003.7011 5§.2924919 | 5.2870519 19.5839 | — 3.9639 
1104.6101 5.2183516 | 5.2328152 |— 52.0689 10.3605 
1204 .7425 5 .1238652 | 5.1700428 |—166.2390 Sy) B30): 
é CasE A 
5 35.265461 | 5.5386226 | 5.5386246 | —0.0075 0.0015 
z 42 .888752 | 5.5383344 | 5.5383356 | —0.0042 0.0009 
5 70.500797 | 5.5379311 | 5.5379315 | —0.0015 0.0003 
& 105 .67620 5.5367785 | 5.5367768 0.0060 | — 0.0012 
= 140. 76200 SSO |) S.S85lS77/ 0.0251 | — 0.0053 
8 175 .72880 5.5330895 | 5.5330712 0.0658 | — 0.0139 
s 210.54778 5 5305526 | 5.5305136 0.1401 | — 0.0296 
245 .19069 5 .5275536 | 5.5274805 0.2628 | — 0.0555 
296 .76461 5.5221879 | 5.5220260 0.5827 | — 0.1230 
414 .82587 §.5056121 | 5.5049345 2.4395 | — 0.5132 
512 .86383 5.4868680 | 5.4851149 63109 es 6235 
607 .39862 5 .4639126 | 5.4600085 14.0547 | — 2.9363 
712 .66609 5 .4317707 | 5.4229624 31.7099 | — 6.5912 
812 .02428 5 .3938027 | 5.3754696 65.9990 | — 13.6431 
905 .13532 5.3499410 | 5.3133439 | 131.7496 | — 27.0899 
1003.7011 5.2924919 | 5.2122173 | 288.9887 | — 59.1713 
1104.6101 5.2183516 | 5.0116931 | 743.9707 | —152.9973 
1204 .7425 51238652 | 4.4582837 |2396.0935 | —515.7846 
Time (Sec, ) 
Fig. 2—Error comparison. Case B 
35.265461 | 5.5386226 | 5.5386250 | — 0.0087 0.0018 
: : 52.888752 | 5.5383344 | 5.5383360 | — 0.0057 0.0012 
In each case, the first observation o; is made at apo 701800797 | 5.5379311 | 83379323 | — 0.0045 0.0009 
gee. In Fig. 2, curves labeled 1 apply to the velocity 105.67620 | 5.5367785 | 5.5367796 | — 0.0040 0.0008 
: g : / 140.76200 5.5351647 | 5.5351657 | — 0.0036 0.0007 
approximation method; curves 2 apply to case A and 17572880 | 5.5330895 | 5.5330906 | — 0.0038 | 0.0008 
curves 3 to case B. The velocity error € 1s 210.54778 | 5.5305526 | 5.5305536 | — 0.0038 | 0.0007 
245 .19069 55275536 | 5.5275552 | — 0.0060 0.0012 
Eee ean eo 2 (42) 206.76461 | 5.5221879 | 5.5221906 | — 0.0096 | 0.0020 
See tas 414.82587 | 5.5056121 | 5.5056216 | — 0.0341 0.0072 
; : : 2 512 .86383 5 .4868680 | 5.4868928 | — 0.0894 0.0187 
The interesting result is that, for all three methods, 607 .39862 | 5.4639126 | 5.4639688 | — 0.2021 0.0422 
: : ¢ ; 712 .66609 5.4317707 | 5.4318983 | — 0.4591 0.0953 
the time separation can be several minutes before either 31903498 | § 3038027 |°5.3040619 | — 0.9331 011003 
velocity or major axis errors become large. For most 90513532 | 5.3499410 | 5.3504250 | — 1.7423 0.3562 
: ; Bay Ay = 1003 .7011 5.2924919 | 5.2933989 | — 3.2652 0.6602 
scanning radar systems, any of the methods are ade 1164 6101 55183516 | 5.2200350 | — 6.0600 1 2080 
quate, and the choice is really determined by the accu- 1204. 7425 51238652 | 5.1269230 | —11.0077 2.1543 
racy of the original measurements coupled with the ~~~ Te a te. . 
amount of computing time and capacity that is avail- 
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Infrared Automatic Acquisition and Tracking System” 


R. C. BARBERAt 


Summary—A technique for accumulating airborne visible and 
infrared spectroradiometric data from missile plumes and re-entry 
objects establishes the requirements for a precision tracking front 
surface mirror. The processing of target radiation, reflected by the 
tracking mirror into an infrared tracker telescope, to derive target 
coordinate information, is described. The derivation of transformed 
target error signals to command the motion of the hydraulically 
driven tracking mirror is outlined. A description of the servo- 
electronics system, with selected circuitry, is given. The dynamic 
characteristics of the system, as determined from preliminary field 
tests, indicate that the system has a tracking rate capability of 
10°/sec with an accuracy better than 60 seconds of arc. The detection 
sensitivity of the infrared tracker telescope is 1.6X101° w/cm? in 
the 2- to 6- region, and is sufficient to provide 10-mile tracking ranges 
against a jet target in a sunlit cumulus cloud background. 

In a typical installation, aiming of the tracking mirror is provided 
by a 7X35, 10° field of view sighting telescope which is automatically 
slaved by the tracking mirror when acquisition and target tracking 
occurs, thereby providing continuous observation of the target. As 
an alternative to visual aiming, an automatic search program is 
generated by an accurate electro-mechanical programmer, which is 
described. 

Target acquisition, in an automatic mode of operation, is accom- 
plished through the use of a simple logic circuit which provides 
electronic background discrimination by virtue of signal puise width. 


INTRODUCTION 


HE problem of accumulating accurate, visible and 

infrared spectroradiometric data from missile 

plumes and re-entry objects with airborne equip- 
ment, can be solved in either of two ways. The first 
solution requires that the radiating object be tracked 
by the analyzing equipment. Although this is a direct 
solution, it is often impractical. The size, weight, and 
configuration of the majority of precision spectrometers 
and radiometers inhibits the direct installation of such 
equipment in or on conventional tracking gimbal struc- 
tures. Also, the field of view of such equipment is 
ordinarily so small (in the order of 7 minutes of arc), 
that the choice of scanning methods, for achieving rea- 
sonable target space coverage, is severely limited by the 
time available to make the measurements. 

The second solution, that of reflecting the target 
radiation by a high quality front surface tracking mir- 
ror into the fixed analyzing equipment, offers many ad- 
vantages. By such a technique, the designer has control 
of the size, weight and configuration of the tracking ele- 
ment. In addition, the motion of the tracking mirror 
can be commanded by information received by a rela- 
tively wide field of view optical system, thereby allow- 
ing practical target space coverage. In these principles 
of operation, an Infrared Automatic Acquisition and 


* Received by the PGMIL, May 29, 1961. 
{ Raytheon Co., Bedford, Mass. 


Tracking System has recently been designed and con- 
structed for the Naval Ordnance Laboratory-White 
Oak under Contract No. N60291-6313 (FBM). The 


essential components of the system are shown in Fig. 1. 


Fig. 1—Infrared automatic acquisition and tracking system. 


DESCRIPTION OF THE SYSTEM 


The system consists of a sighting telescope assembly, 
an infrared tracker telescope, a 10 X16-in front surface 
tracking mirror assembly, an electronic control system, 
a detector cooling system and a hydraulic power supply. 
The system has been designed for operating in an un- 
pressurized cavity at altitudes up to 80,000 ft; the 
power requirements are 2350 w, 400 cps, 3 phase; the 
total weight of the equipment is 250 pounds. The maxi- 
mum continuous operating time of the equipment, 
established by the infrared detector liquid nitrogen 
cooling system, is seven hours. 

The system has been designed so that motion of the 
hydraulically driven tracking mirror can be controlled 
in two search modes of operation. These modes are 
Manual Search, whereby the operator slaves the track- 
ing mirror by the sighting telescope, and Program 
Search, whereby the tracking mirror line of sight auto- 
matically scans a 15° azimuth by 30° elevation sector 
of target space. When an acceptable infrared target 
enters the 3.2° field of view of the fixed tracker tele- 
scope, by reflection from the tracking mirror, the sys- 
tem is automatically switched into an Automatic Track 
Mode of operation. In Automatic Track, the servo sys- 
tem provides the capability of tracking a distant target 
at rates up to 10°/sec with an accuracy better than 60 
seconds of arc. The gimbal limits of the system, as re- 
lated to the line of sight of the tracking mirror, are 
—5° to 60° in elevation, and +45° in azimuth, 
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In a normal installation, the 
mounted on the optical axis of the spectrometer or 
radiometer so that it intercepts a portion of the re- 
flected target radiation. The diameter of the tracker 
telescope is 3.5 in, and the obscuration of the projected 
tracking mirror area, in the limits of the gimbals, is 
shown in Fig, 2. 


tracker telescope is 


45° Az 
—S°TO 60° EL 


90°AZ 
5° TO 60°:EL 


135°AZ 
5° TO 60° EL 


(orn TES TRACKER 
e J TELESCOPE OBSCURATION 


Fig. 2—Projected area of tracking mirror and tracker 
telescope obscuration. 


MANUAL SEARCH MODE 


In the Manual Search Mode, the tracking mirror 
follows the motion of the sighting telescope so that 
their lines of sight coincide. The sighting telescope is a 
7X35, 10° field of view instrument with an illuminated 
reticle graduated in one-degree increments. The sight- 
ing telescope assembly consists of the telescope, gimbal 
mounts, hydraulics actuators, control functions, and 
aiming potentiometers. Aiming voltages, which are pro- 
portional to the position of the optical axis of the sight- 
ing telescope, are derived from a network containing 
the aiming potentiometers, and supplied to the servo- 
electronics system to command the motion of the track- 
ing mirror. On the tracking mirror rotation axes, a sim- 
ilar set of aiming potentiometers is mounted, so that a 
closed command loop, wherein the corresponding aiming 
voltages are continuously made to cancel, is formed. 

Examination of the motions of the lines of sight of the 
sighting telescope and tracking mirror shows that coin- 
cidence will occur along one axis only, unless appropri- 
ate rotation axes and amplification factors are provided. 
This problem is easily solved by providing the same 
axis for elevation excursions, and a 2 to 1 electrical cor- 
rection, for azimuth excursions. A coincidence of better 
than 10 minutes of arc over the complete gimbal limits 
can readily be obtained. 


PROGRAM SEARCH MODE 


In the Program Search Mode, the line of sight of the 
tracking mirror is commanded to scan a 15° azimuth by 
30° elevation sector of target space at a rate of 30°/sec. 
The rectangular steps, required to insure complete sec- 
tor coverage by the 3.2° field of view of the tracker tele- 
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scope, are supplied to the servo electronics by the 
electro-mechanical programmer shown in Fig. 3. This 
programmer generates azimuth switching voltages with 
a cam-microswitch assembly, and generates a cycling 
elevation sweep voltage with a synchronous driven 
precision potentiometer, which is supplied by a regu- 
lated voltage supply. The scan pattern is exactly 
squared at the corners, and the synchronism between 
the elevation and azimuth commands is better than 
0.005 sec. 


Fig. 3—Electromechanical programmer. 


The Program Search command voltages are centered 
about the aiming voltages derived from the sighting 
telescope potentiometers. Thus, at any time during the 
scanning process, the center of the scan pattern can be 
shifted to a new location in target space by the viewing 
operator. 


AUTOMATIC TRACK MODE 


Target radiation, reflected by the tracking mirror, 
will enter the optics of the tracker telescope, if the tar- 
get is within the 3.2° field of view of the tracker tele- 
scope. The electronics system associated with this opti- 
cal-mechanical system processes the target signal and 
provides appropriate signals for the servo electronics to 
command the motion of the tracking mirror, so as to 
null the error in the line of sight to the target. 

Within the tracker telescope, a rotating wedged plano 
front surface mirror causes the image of a focused tar- 
get to rotate in a circle of constant diameter on a sun- 
burst reticle. All radiation passing through this reticle 
is incident upon a liquid nitrogen cooled lead selenide 
detector. Thus, when the target is on the optic axis, the 
output of the infrared detector is an unmodulated wave. 
When the target moves off the optic axis, frequency 
modulation of the target signal occurs. 

The target signal, thus generated, is amplified, lim- 
ited and demodulated to provide an error signal at the 
frequency of the image scan mirror. This error signal 
is proportional, in amplitude and phase, to the polar 
coordinates of the target in a plane in target space. 
Resolution of these polar coordinates into appropriate 
elevation and azimuth commands for the tracking mir- 
ror requires electronic transformation. In the servo 
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electronics, this transformation is accomplished by com- 
paring the error signal with two phases of a reference 
voltage generated within the tracker telescope, by the 
rotation of the wedged plano mirror. Inasmuch as the 
tracking mirror motion involves rotation about the 
optic axis (to achieve elevation tracking), the apparent 
motions of a target, as viewed by the tracker telescope, 
are reversed. Thus, to eliminate cross coupling and 
false coordinate transformations, the reference voltage 
phases are continuously shifted by a two-phase synchro 
resolver driven by the tracking mirror. For efficiency of 
design, the synchro resolver is attached directly to the 
shaft of the tracking mirror drive. 

In the Automatic Track Mode, target acquisition and 
tracking initiates action of the hydraulics system cou- 
pled to the visual sighting telescope, causing the sight- 
ing telescope to exactly follow the tracking mirror. Thus, 
the operator can continuously view the target. 

This reversal of slave-command roles is simply ac- 
complished. The aiming potentiometers mounted on 
the axes of the sighting telescope serve, in the Track 
Mode, as follow-up potentiometers. The voltage ap- 
pearing across these potentiometers is continuously 
compared with the voltage appearing across the cor- 
responding tracking mirror potentiometers, and the 
difference is used to drive the sighting telescope hy- 
draulic actuating system. 

The three modes of operation of the system are repre- 
sented by the block diagram of Fig. 4. 


TARGET ACQUISITION 


Provision has been made for manually or automati- 
cally acquiring a target. The viewing operator, through 
a selector switch, may manually acquire or reject a tar- 
get, or sensitize the system for automatic acquisition. 
Two indications of target acquisition are provided at 
the operator sighting telescope control station. When a 
target is acquired by the system, an indicator light is 
illuminated, and an audible distinct tracking tone is gen- 
erated. 

Although spatial and spectral discrimination were 
incorporated in the tracker telescope design, a require- 
ment for electronic false target discrimination, in the 
target acquisition phase, existed. An examination of the 
scanning patterns, generated by the projection of the 
reticle in target space, indicated that reasonable dis- 
crimination could be achieved on the basis of the width 
of the first pulse produced by a target of any size. Thus, 
there existed an upper limit on the width of the first 
pulse generated by acceptable distant targets. Typical 
natural cloud backgrounds, and the solar disk, could 
be distinctly characterized by longer pulse widths. 

From the design parameters of the tracker telescope, 
the reticle and the scan times of the programmer, it was 
determined that an acceptable distant target would gen- 
erate a first pulse lasting no longer than 2.0 msec. This 
upper limit establishes the maximum angle subtended 
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by an acceptable distant target at the tracker telescope 
as 0:32~. 

A simple logic circuit has been evolved which deter- 
mines if such conditions are satisfied. The block dia- 
gram of this transistorized circuit is shown in Fig. 5. 
Prior to t=0, gate A1 is open and Az is closed. At t=0, 
the initial pulse rise triggers 7; through A. During this 
interval (f=0 to 2.0 msec), gate A» is open, and a fall in 
the input pulse can be transmitted through A, to 7%. 
The timer 73 generates a 15 msec pulse which activates 
the tracking function relay, through the driver Dy. If the 
initial pulse did not fall prior to 2.0 msec (denoting a 
false target), 7; recovers and closes Az. 7; also triggers 
T» which closes A, for 90 msec, preventing target pulse 
interrogation. At the end of the 90 msec period of 
quiescence, 7» recovers, opens A;, and the circuit is 
again ready to examine the input. The 90 msec delay 
insures that, for this system of scanning, a normal cloud 
will be rejected during passage of the tracker telescope 
field of view across it. 

The acquisition sensitivity of the circuit is, as to be 
anticipated, poorer than the tracking sensitivity of the 
system. In the Program Search Mode, acquisition sensi- 
tivity is approximately 1.5X10-® w/cm?. In the Man- 
ual Search Mode, acquisition sensitivity is approxi- 
mately 7X10-!° w/cm?2. Tracking sensitivity of the sys- 
tem, for reasonably smooth tracking, is 4xX107!° 
w/cm2?, and the detection sensitivity of the system is 
1.6X10-!° w/cm?. These target radiation densities are 
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referred to a spectral bandwidth from 2 to 6 yp, as indi- 
cated by the spectral sensitivity characteristics of the 
tracker telescope shown in Fig. 6. 


TRACKING MIRROR ASSEMBLY 


The tracking mirror is a front surface Pyrex mirror 
figured, over-all, to five fringes of sodium vapor light. 
The mirror is 16 in long, 10 in wide, 14 in thick, and 
weights 14} pounds. It is aluminized and overcoated 
with SiO. 

The tracking mirror is rigidly held in an aluminum 
gimbal structure. This structure provides rotation about 
the optic axis of the spectrometer or radiometer, for 
elevation tracking, and rotation about an axis perpen- 
dicular to the optic axis and lying in the front surface 
of the mirror, for azimuth tracking. Through this gim- 
bal action, a maximum projected area of the tracking 
mirror is provided for all tracking angles, and a mini- 
mum of orange peel effect is projected in target space. 

The moments of inertia of the mirror structure are 
0.7 slug ft? approximately (elevation), and 0.4 slug ft? 
approximately (azimuth). The hydraulic actuating sys- 
tem which drives the tracking mirror provides 135 
lb ft of torque in the elevation axis, and 155 lb ft of 
torque in the azimuth axis, at a hydraulic system oper- 
ating pressure of 1600 psi. These torques are more than 
adequate to provide the angular accelerations required 
in normal system application. 

The tracking mirror is velocity damped, in the servo 
loop, through the use of rate gyros mounted on the mir- 
ror support structure. No complete experimental meas- 
urements of loop stability have been made. However, it 
is estimated that the close out frequency of the servo 
is approximately 12 cps. That is, for normal aircraft 
maneuvers during a tracking measurement, the track- 
ing mirror will be fixed on the target, and will not fol- 
low the motions of the platform to which it is mounted. 
In field tests against a low flying jet aircraft target at 
maximum tracking rates of about 6.5°/sec, the support 
table of the system was subjected to vibrations at ap- 
proximately 6 cps with no apparent degradation in 
tracking performance. 


TRACKER TELESCOPE 


The tracker telescope primary optical system is 
f/2.3 Dall-Kirkham with a 7.5-in focal length. The 
on-axis blur circle diameter does not exceed 0.005 in. 
The optical schematic diagram is shown in Fig. 7. 

The f-m reticle is located at the focal plane of the 
primary optical system. It is photoetched, in a special 
design, of beryllium copper. The spoke and center de- 
tail were selected to provide a fairly high degree of spa- 
tial discrimination against background targets. This 
discrimination, resulting from off-axis degradation of 
the image of extended targets, provides reduced sensi- 
tivity to background at the edge of the field. 
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In order to further enhance background discrimina- 
tion, spectral filtering is incorporated in the optical sys- 
tem. A 3.5-u cut-on interference filter, located in front 
of the reticle, has proven effective. In a series of tests 
with a sunlit cumulus cloud background, tracking 
ranges in excess of 10 miles were obtained against a jet 
target. 

Concentration of the interrupted radiation on the 
cooled lead selenide detector is accomplished by a light 
pipe, rather than by a conventional field lens system. 
This light pipe, whose curvature was obtained by exten- 
sive ray tracing, is sufficiently effective to provide an 
over-all optical efficiency of about 20 per cent. 

The infrared detector and liquid nitrogen cooling 
system were provided by the Santa Barbara Research 
Center. The detector has a D* of 3.7 10° cm cps!/?/w. 
The liquid nitrogen cooling system, operating by trans- 
ferring liquid nitrogen from a heater controlled reser- 
voir, has a capacity of 13 liters. This is sufficient to pro- 
vide a continuous operating time of at least seven 
hours, with the detector at —196°C. 

The detector preamplifier circuitry is housed in the 
tracker telescope in order to reduce microphonic cable 
noise. The system photograph of Fig. 1 permits a com- 
parative evaluation of the size of the tracker telescope. 
It measures 3.5 in in diameter and 12 in in over-all 
length. 
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Fig. 6—Tracker telescope spectral sensitivity with Ge. filter and 
detector No. JW-1297-18. 
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ELECTRONICS CONTROL SYSTEM 


The frequency modulated target signal generated in 
the tracker telescope is amplified, filtered and limited; 
then converted to a 50-cps amplitude modulated wave 
by a discriminator circuit. The on-axis target frequency 
is 800 cps, and the modulation frequency (the frequency 
of the scanning mirror) is 50 cps. 

The filtered error signal is supplied to the error com- 
parator section of the servo electronics where the ap- 
propriate electronic coordinate transformations are 
made. This portion of the servo electronics, by com- 
parison in full wave rectifier bridges, provides dc hy- 
draulic valve command voltages to control the motion 
of the tracking mirror. These command voltages are 
precisely adjusted in polarity and amplitude to insure 
cancellation in the error in the line of sight to the target. 

The control valves in the hydraulic system which 
actuate the tracking mirror are solenoid operated spool 
valves having a reasonably linear response. The flow 
rate through the valves is linearly proportional to the 
target error. This implies that the rate at which the 
tracking mirror moves to cancel the error will vary 
with the magnitude of error. Thus, it would be expected 
that overshoot and oscillation about the null position 
would be highly probable unless damping were im- 
posed upon the tracking motions. 

Such damping is provided by the use of rate gyros at- 
tached to the tracking mirror support structure. The 
rate gyro outputs are supplied to appropriate gyro com- 
parators and compared in amplitude and phase with 
reference voltages generated at the frequency of the 
gyro. Thus, as in the error comparator, a rectified volt- 
age is provided for command. This voltage is propor- 
tional to the angular velocity of the tracking mirror, 
and by proper attenuation and summing with the recti- 
fied target error signal, is used to provide smooth track- 
ing performance with no overshoot at the null position. 

As is characteristic of all infrared f-m scanning sys- 
tems, the resolved error is linear only over a small por- 
tion of the total field of view of the optical system. This 
characteristic results from the detail of the reticle and 
the method of scanning, whereby the target image falls 
off the reticle spoke region even at small target angles. 
However, in spite of what appears to be a defect, the 
linearity of the error curves is exceptionally good. Also, 
beyond the linear region, target sense is always pre- 
served. This feature is illustrated by the error curve of 
Fig. 8, and implies a high degree of tracking accuracy. 

In the previous description of system operation, it 
was mentioned that the sighting telescope is slaved to 
the tracking mirror in the Automatic Track Mode, 
allowing the operator to observe the target continuously. 
The amplifiers which drive the sighting telescope hy- 
draulic actuators are supplied by voltages which are 
proportional to the difference in position of the wiper 
arms of the aiming potentiometers mounted on the 
tracking mirror and on the sighting telescope. Although 
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Fig. 8—Typical target de error curve measured at error comparator. 


similar spool valves control the actuation of the sight- 
ing telescope, as control the tracking mirror, no sepa- 
rate rate damping is required for the sighting telescope. 
Since the sighting telescope follows the tracking mirror, 
the rate damping applied to the tracking mirror is re- 
flected into the motions of the sighting telescope and 
provides sufficiently smooth visual tracking. 


HypRAULIC POWER SUPPLY 


A major advantage of hydraulic actuation systems 
compared with electrical torquers is apparent by con- 
sideration of the size of components located at the site 
of application of force. This is one reason for the selec- 
tion of the actuation system for the Infrared Automatic 
Acquisition and Tracking System. Other technical rea- 
sons such as fluid incompressibility, acceleration capa- 
bilities, and reliability were extremely important. 

The maximum requirements imposed upon the actua- 
tion system occur during the Program Search Mode. 
Calculations indicated that the scan pattern could be 
achieved with minimum accelerations of 6 rad/sec?. 
The final design produces a constant rate for most of the 
scan, during the elevation passes at 30°/sec, and azi- 
muth steps at maximum acceleration. This was readily 
achieved with pistons approximately ? in in diameter 
and oil flow rates of approximately 0.3 gal/min. 

The hydraulic power supply which satisfies the sys- 
tem requirements has a capability of 0.5 gal/min at a 
maximum delivery pressure of 3000 psi. The power sup- 
ply, occupying a volume of approximately 5 ft? and 
weighing 75 pounds, is amply protected against over- 
pressures and is designed for a continuous loaded op- 
erating period of four hours. Consistent with the electri- 
cal characteristics of the other equipment, the hydraulic 
power supply utilizes 400 cps aircraft power. 
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High-Precision Angle Determination by Means of Radar in a 
Search Mode* 


E. C. WATTERS}, F. L. REEST, anp R. A. ENSTROMT{ 


Summary—One of the more difficult requirements to meet in the 
design of radars is that of accurate angular measurement. In tracking 
radars the azimuth and elevation of a target can be measured to a 
high degree of accuracy by a nulling method. Two of the most prac- 
tical methods for obtaining angular accuracy in search radars are 
discussed in this paper. The first method is an interferometer tech- 
nique employing either two receiving antennas for each dimension 
of angular measurement with two frequencies of transmission for 
the resolution of ambiguities, or three receiving antennas positioned 
relative to one another so that the equivalent effect is achieved with 
only one-frequency transmission. The second method is a combina- 
tion amplitude comparison and interferometer technique in which 
the ambiguities are resolved by the amplitude comparison system. 
An analysis of each of these systems has been made using a statisti- 
cal approach in which equations are developed relating the prob- 
ability of error for a specified angular accuracy to SNR power in 
the receiver. Curves are presented which show this relationship 
for a 100 to 1 beam-splitting ratio. 


INTRODUCTION 
7 | Y HE problem of accurate angular measurement may 


be considered from two aspects, practical and the- 
oretical. From a practical point of view, hardware 
capabilities must be considered. From the theoretical 
aspect, the problem of achieving a given accuracy can 
be related to SNR. 
From a practical point of view, beam-splitting from 
a single antenna is dependent upon solving the follow- 
ing problems. First, the shape of the beam (or beams) 
must be accurately known. Secondly, if a single beam is 
used, measurements will depend on the target scintilla- 
tion between pulses. Thirdly, if two or more beams are 
used, the receiver channels must be accurately balanced. 
Finally, the accuracy of angular measurement is di- 
rectly related to the boresight error which would consid- 
erably increase the cost of mounting in many cases. On 
the other hand, these problems can be reduced if two 
widely spaced antennas are used in an interferometer 
system. The beam pattern is merely used to resolve 
gross ambiguities, thus the precise shape of the beam is 
of reduced importance. Phase-balancing of the receiver 
channels is not as critical as amplitude-balancing and 
the boresight problem is transferred to the problem of 
setting up the baseline which can be done with consid- 
erable accuracy by standard surveying methods. 
Each of the systems being considered in this paper 
make use of two or more widely separated antennas. 
Therefore, the above-mentioned sources of error are 
secondary when compared to the error caused by noise 
in the receiving channels. For this reason, the primary 
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consideration in the following analysis of the two sys- 
tems is the effect of SNR on the accuracy of angular 
measurement. 


INFLUENCE OF SIGNAL-TO-NOISE RATIO 


The accuracy to which angle can be measured, whether 
it be azimuth or elevation, is primarily a function of the 
SNR in the receiver. Prior to the analysis of the two 
beam-splitting techniques in question, it is of interest 
to consider the theoretical minimum SNR required to 
attain the desired angle accuracy. Manasse [1] develops 
expressions for the optimum SNR for a given angular 
accuracy for both the monopulse and the interferometer 
techniques of angular measurement. These have been 
duplicated independently with somewhat less restrictive 
assumptions. The analysis involved is presented in the 
Appendix. For a monopulse system with coincident 
apertures, the rms error is given by 


J1 + P/on’? 
Cy = Saal (1) 


So (P/o,2)/3 


where 
P/o,2=signal to rms noise power ratio, and 


a/B=do/d, 


dy is a measure of the effective length of the antenna 
aperture and \ is the wavelength of the transmitted 
frequency. 

For large SNR’s, P/o,?>1 


1 nN 
dy\/2P/o,2 


eN\a/2P Tne 
(G) v2 


For a circular aperture of radius Rk, d)=7K and 


2 es 1 
ENR OO Pree 


However, the beamwidth is 62 = (\/R) (1/4/71) for small 
62 which yields 


Now, for ¢7/@g=1/100, the minimum SNR power 
is P/o,7=38 db. 
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Similarly, for an interferometer system, assuming 
large SNR’s, d)=7D, where D is the spacing between 
antennas and 


1 (=) 1 3) 
Of ~ ————————ae 
"og \D/ V2P/on? 
For the number of ambiguities, m = D/O. Thus, 
0% 1 1 
=— (4) 
Op TM A EP one 


Again, assuming o9/0,;=1/100 and further assuming 
m=10, the minimum signal-to-rms noise power ratio is 
P/o,”?=7 db. 

It is from these figures that some combination of 
monopulse and interferometer techniques should allow 
more reasonable SNR’s for a given accuracy while, at 
the same time, resolving most of the ambiguities. 


Two-FREQUENCY INTERFEROMETER THEORY 
General 


In the analysis of each of the systems being compared, 
the major problem is one of resolving the (D/\)6z 
ambiguities in the single interferometer measurement. 

Fig. 1 illustrates the geometry for an interferometer 
measurement of target azimuth. The points A and B 
represent two antennas. It is assumed that the radar 
beam is scanned and that line OC is the axis of sym- 
metry of the amplitude pattern. The beamwidth @2 
is not necessarily the usual 3-db beamwidth. It may be 
6 db or any other level beamwidth. The significant 
point is the assumption that the target is known to lie 
within the beamwidth. 


ae 
ae 
_— “48g = BEAMWIDTH 


al BEAM CENTER 


Fig. 1—Interferometer geometry. 


In order to obtain an accurate measure of the inter- 
polation angle @ from the beam center, phase com- 
parisons of the signal received at A and B will be made 
for two frequencies of transmission. Alternatively, 
three antennas can be used on one baseline with one 
transmission frequency to achieve the same effect. 
Whether three antennas are used or different fre- 
quencies are employed is immaterial as far as accuracy 
is concerned. The form of the equations will show this. 
The ability to perform an accurate measurement will 
actually depend on the practicality of choosing the 
proper relation between frequency of transmission and 
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spacing D. For these reasons the following discussion 
will assume that D is fixed and two different transmis- 
sion frequencies will be employed. 

The analysis which follows will confine itself to the 
particular case where one frequency is chosen in such a 
way that the interferometer pattern admits a tenfold 
ambiguity over the beamwidth 6g. The other frequency 
of transmission will then be employed to resolve this 
ambiguity. It is the choice of this second frequency 
wherein the difference of performance lies. The second 
frequency may be chosen so that there is no ambiguity 
within the beamwidth 6% or it may be chosen in such 
a way that there is, perhaps, a ninefold ambiguity. The 
details will be carried out for both cases and it will be 
shown that, due to noise, the latter case is less de- 
sirable. 


Analysis 


From Fig. 1, the phase difference in signals received 
at A and B is 


27D 


;D 
phase ee Sin (0+ ¢) =——Sin(@+ 4), (5) 


a 


where A; (¢=1, 2) is the wavelength of the received 
signal and w; is the radian frequency. Assuming that 
6,, hence @, is small 


Lida 
A phase = ae [Sin @ + 6 Cos 4]. (6) 
Let 

22D 

C6 Cond 
NG 

Pi oT Was 

Y= Sin ¢, 4= 1,2. 


t 


By the initial assumption that a tenfold ambiguity 
exists for the frequency w, it is possible to sketch ay 
versus @ as indicated in Fig. 2. Since a; may be meas- 
ured only to within 27, w. must be chosen to resolve the 
ambiguity. Two methods suggest themselves: 


1) Choose w: such that —m7 <ar<m, —03/2 <0 <0,/2; 
2) Choose w: such that —t<ai—a.<m7, —602/2 <0 
<03/2. 


The first choice involves a sizeable: percentage change 
in transmitted frequency as compared to the second, 
and there is a difference in the method of data-process- 
ing. It will be seen in the analysis to follow that the 
first method is preferable from a SNR standpoint. 

Fig. 3 presents a block diagram of a system to meas- 
ure @ by either of the two methods described above. In 
this figure the quantities 


(X; + S) Cos (wit + 5;) + VY; Sin (wt + 5,) 
(v; + S) Cos (wit + 6; -— a; — y) + y; Sin (wt + 6; — a; — ¥:) 
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represent the received signal plus noise in the two 
channels, respectively. Here the x’s denote the in- 
phase and the y’s the quadrature components of noise. 
They are all independent normally distributed variables 
with standard deviation o,. S represents peak-signal 
strength and 6; is absolute target phase. The system is 
independent of absolute signal and noise levels, but it 
is important that the gains of the two channels be 
matched. 


SHIFT PHASE 
y,teKkr 


LOW PASS 
FILTER 


LOW PASS 
FILTER 
DATA 
PROCESSOR 


ANGLE 


Fig. 3—Block diagram of a two-frequency interferometer system. 


Let 
: 1 
M; = [(X;4+ S\(@:+5) + 4%Yi] ea 
1 
Ne= |(e: + S)V; — (X. + S)y:] rea) (7) 
and 
a; = C[M; Cosa; + N; Sinai], 
b; = C|—N; Cosa; + M; Sinai], (8) 


where C represents an arbitrary gain. Since the data- 
processing will depend on the technique employed to 
resolve ambiguities, the analysis will now consider the 
cases separately. 


Analysis of Case 1 


is chosen so that —7 < ao <7 
cae ‘ L 9/2 <0 < 65/2. 
w , 1s chosen so that —107 < ai < 1071 
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If there were no noise, VW;=1, N;=0 and 
i (O(Ofoysior: 
b; = C Sinla,. (9) 


Thus, a, could be determined from Fig. 4. 

In this case there is no need for further measurement. 
In practice, however, noise will be present and a» can- 
not be determined precisely. Letting the subscript m 
denote measured quantities and employing Fig. 4 to 
determine a»,,, yields 


Alom = Ae — €2 (10) 


where €, the error due to noise, is shown in Fig. 5. 


(dp, bo) 


Fig. 4—Polar diagram of the in-phase and quadrature 
components, at de, relating phase. 


(Mp, Np) 


Fig. 5—Polar diagram of the in-phase and quadrature coethcients due 
to signal and noise, at d2, relating phase error. 


In order to properly resolve the tenfold ambiguity in 
the next measurement at frequency w, it is necessary 
that >| <27/10. We have assumed | vs| <197/20 in 
making this latter statement, which in turn implies the 
target is not too close to the edge of the beam; z.e., 
|@| <1963/40. The probability that satisfies the stated 
inequality is a function of SNR. For large SNR’s (ex- 
ceeding 14 db) the approximate relations hold: 


Xo + Xo 


M,~1+ 


‘ Y, —= Wh) 
Ny = ——— (11) 
5 


Furthermore, the probability that | €2| <a/5 is ap- 
proximately equal to the probability that 
No 


Tv 


) 


S) 


tanme 
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where the principal value of the tan~’ is chosen. It is 
not difficult to show that the probability that this last 
inequality holds is given by 


P= avy (12) 
He 
where 
p(x) = & ela 4 one 
ve 2/4 
.¢-(R* Sin 214 Cog x erf (=). (13) 
R is peak signal to rms noise ratio s/o, and 
2 ge 
erf (z) = ail Caais 
Making an approximate evaluation of P yields 
Po = ert (=). (14) 
10 


Thus, for targets not too far from beam center, 100 its 
per cent of the time the ambiguity in the second meas- 
urement will be correctly resolved and 100 (1—P) per 
cent it will be incorrectly resolved. Once the ambiguity 
is resolved, the above analysis can be repeated for the 
frequency of transmission a. If the probability of error 
is required to be less than 1/100 beamwidth @,, con- 
siderable simplification in analysis results if a slightly 
more restrictive requirement is placed on the first meas- 
urements, 7.e., require <0.97/5 instead of <7) 3: 
This permits the immediate statement of the final re- 
sult: The probability that the resultant error is less than 
6;/100 is given by 


0.97 R aR 
erf ( ) erf (=), 
10 10 


where R>5 is peak signal to rms noise ratio. The effect 
of adding the more restrictive requirements described 
is small. A graph of (15) is presented in Fig. 6. 


€2 €2 


(15) 


Analysts of Case 2 


we is chosen so that —7t <ajy—a2<T7 


— OBj2 <0 < Oz). 
w,is chosen so that —107 < ai < 100f a se 


In this case, from a;—a@,2 one determines @ to a tenth 
beamwidth and then refines the measurement as in 
Case 1 by employing the measured ay. It is not difficult 
to show that if 


ine 
ov 
l| 


a2 + byb2 


B = dob; — ayby (16) 
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and no noise is present, (a1—a2) is given in Fig. de 
In the presence of noise, however, (a; —Q2)» the meas- 
ured value of (a,—a») is determined. More specifically 


(a1 — Q2)m = a1 — a2 + € (17) 


where e, the error due to noise, is shown in Fig. 8. For 
SNR exceeding 14 db, € is approximately that given in 
Fig 9. 
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Fig. 6—The probability of measuring angle to within one-hundredth 
of a beamwidth as a function of SNR. 
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Fig. 7—Polar diagram of the in-phase and quadrature coefficients, 
at \1—A2/Aide, relating phase. 
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Fig. 8—Polar diagram of the in-phase and quadrature coefficients 
relating phase error. 
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Fig. 9—Polar diagram of the in-phase and quadrature coefficients 
relating phase error for large SNR. 
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Comparing this with Fig. 5 and (11), it is clear that 
the difference between Case 1 and Case 2 lies in the 
distribution of €, and e. For e, and € to have the same 
probability distribution, an increase of 3-db SNR is 
required in the latter since twice as many noise com- 
ponents are present. Allowing for this increase in SNR 
the remainder of the analysis is identical to that of Case 
1. Thus the result may be stated: The probability that 
the resultant error is less than 03/100 is given by 


0.97R aR 
erf (=) erf (=), 
10/2 10 


where R>5 is peak signal to rms noise ratio. A graph of 
(18) is presented in Fig. 6. 

The major difference in the two systems is the initial 
measurement to a tenth beamwidth which resolves the 
tenfold ambiguity. Fig. 10 shows the percentage of time 
the wrong decision is made for the two systems. 


(18) 


AMPLITUDE COMPARISON-INTERFEROMETER SYSTEM 


The second system to be analyzed is one which com- 
bines the interferometer technique for fine angular 
measurement with a monopulse technique for resolving 
the ambiguities in the interferometer measurement. 
Fig. 11 shows a block diagram of such a system. 

In the monopulse section of the system, 


yi(t) == (Sy a X\) Cos wt > Y, Sin wt 
and 


yo(t) = (So + Xo) Cos (wt + $1) = Yo Sin (wt + $1), (19) 


where 


$1 = phase change due to path differences, 
Si = V/ Pe-2*-%"| P =signal power, 
So = V/Pe-*"[6,, 02 are the angles 


corresponding to the peaks of the adjacent beams as 
shown in Fig. 12. Xi, Xe, Yi, Y2. are the in-phase and 
quadrature components of the noise in channels I and 
Il. They are assumed to be independent, normally dis- 
tributed variables with average zero and standard de- 
viation ¢,. 

These assumptions reduce the problem to one con- 
sidered by Enstrom [2] in which an expression was de- 
veloped for the probability density of the estimated 
angle 64 as a function of SNR. For large SNR’s, this 
probability density is approximately Gaussian. That is, 


1 “~ ~ 9 9 
p (Oar) (OM OM a 20M 


(20) 
ou 20 
The average estimated angle is, 
_ O7S 7S 9” 
Ou its =Or+ 8 (21) 


FOL Ce re ae 


where 67 is the actual target angle and 8 is a bias error. 
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The mean square angular error is, 
624017 (Si? Ste 9”) 
64652(In K)?[.312¢n2(Si2 + So?) + S12S2?| 


om (22) 
In this expression, 6s =beam separation angle (@:--91) 
and 6,=beamwidth. The constant K is the level at 
which the beamwidth is measured. 

The estimated angle measurement using the inter- 
ferometer system will yield ambiguities spaced A/D 
apart. For this reason, the estimated angle of the 
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Fig. 10—Percentage of time ambiguity resolution is in error. 
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Fig. 11—Block diagram of amplitude comparison- 
interferometer system. 


Fig. 12—Beam-splitting geometry with spaced apertures, 
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amplitude comparison system must be accurate to 
within +A/p+6 in order to resolve these ambiguities. 
The probability that this is accomplished is a function 
of SNR and actual target position and can be found 
using (641) as described below. 


P = Prob. (8 — A/D < 64 — 67 <B+A/D) 


1 B+/D 
eeu i ewe Pom de. 
OM Vr B—d/D 


1 B+X/D C=—NUD 
>| ert ( =) — erf (—~) |. 
2 our 2 omuv/2 


Returning to the expression for oy? and substituting 
the values for S; and Ss, 


€= O04 — Or 


l| 


(23) 


9 


on” 9 ; 2 2 2 
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beams cross over at the 3-db level. These assumptions 
imply that K=+/2 and 6s=(6:—60:)=6s. A further 
assumption that P/o,?>>1 (14 db or more) makes possi- 
ble valid approximations on oy? and 8 which yield an 
approximate form for (23). That is, 


r 
[PP et ( ;). 
ou Dv/2 


Substituting (24) and (26) into (27) yields 


(27) 


/ 


) 0% As 
[P= Girt ) (P/en’) “ 4a In 2 | — [e~4 In 20702 0B) 


B B 
sees Te orn -arl : 


If the target angle 67=6, (which, incidently, is the 


i worst case from a SNR standpoint), 
Mm = x 
Oy ‘ A 
64032(In K)? | siz (e2a(0r—02)? 4. g2a(r—01)? 4 | o3\ 16m In 2 
: P JPY == ot \(P/en?) (—)= : (28) 
Spay feel 
If 
For a probability of accurate angular measurement of 
atee 4 In K 0.98 (P=0.98) and 100 to 1 beam-splitting, 
CM BS a a= 
K On? aes 
B ; 165/17 
Phoe = — = 19 db. 
and 4dr In 2 
: Op'on?/Ple In K(67—02/0B)” 1 8 In K (6r—81/ 0B)" | 
Om = 


Gan 0 
6465?(In ike)2 Ly s ed nk 


Making the same substitutions, 


Tn” 8 In K (67—00/08)* 
es 31267 a [es n K (67—62/6R 


4 @8 In K(67—61/05)"| 


— 


(25) 


Furthermore, from the expression for ¢3 derived in 
making the maximum likelihood estimate (Appendix), 
h/p = 040v/2P/on. (26) 
Now, combining (23), (24), (25) and (26), the prob- 
ability of correctly measuring an angle as a function of 
SNR for a specified accuracy can be found. Choosing a 
probability of correctly measuring the angle and the 
corresponding SNR (26) can be used to determine the 
required wavelength to antenna separation ratio A/D. 
As an example of how this is done, assume that the 
beamwidth is measured at the 3-db points and that the 


7 — 92 


(24) 


Vedas. hl 
Ap Op 


Having found the necessary parameter values for this 
case, the wavelength to antenna separation ratio (26) is 


A/D = 0.0196. 


A general comparison of the performance of the two 
systems is shown in Fig. 13. These curves indicate 
that the one- to ten-fold ambiguity solution is the best 
from a SNR standpoint. However: the frequency dif- 
ference required in this case is so large that it becomes 
impractical. The equivalent three-antenna system 
would eliminate this problem at the expense of hard- 
ware. There is little basis for choosing one of the re- 
maining two systems. The boresight error is still a prob- 
lem in the amplitude comparison-interferometer Sys- 
tem but it is of diminished importance since the re- 
quired spacing D for this system is a little over one- 


fourth that of the two-stage interferometer system for a 
common beamwidth. 
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Fig. 13—-Probability of measuring angle to within one-hundredth 
of a beamwidth. 


DATA PROCESSING FOR TWO-STAGE 
INTERFEROMETER 


The data processing required to remove the am- 
biguities associated with a two-stage interferometer 
system, cascading two maximum likelihood estimates 
of angle based on phase information alone, would be 
the following: The phase information due to the path 
difference at the first frequency is derived by phase 
detecting an in-phase and quadrature component com- 
bined in logic circuitry, in order that a linear output 
may be obtained between —7z and 7, rather than —7/2 
and 7/2 as obtainable with a conventional phase de- 
tector (otherwise, an additional 3-db SNR would be re- 
quired to resolve ambiguities). This phase information 
contains all the ambiguities to be resolved. Phase in- 
formation contained in the returns subjected to a path 
difference at the second frequency is compared with the 
first by extracting the phase difference between them. 
However, this difference does not suffer from multiple 
ambiguities as it is the difference between a nine- and 
ten-fold ambiguity parameter and as such lies between 
—7 and zw. Again, the in-phase and quadrature com- 
ponents have been processed to extend this range un- 
ambiguously. 

The sequence of operations performed on the data in 
order that the ambiguities in the system are resolved is 
contained in the following discussion. First, the un- 
ambiguous coarse measurement of angle gained from 
the phase difference is scaled by 10 and quantized to 
the nearest 7 in steps of 7 from —107 to 107. Then, 
after scale adjustment, this quantized analog voltage is 
added to that representing the phase measurement at 
the first frequency, being a fine measure of angle with a 
tenfold ambiguity. The result is that the coarse meas- 
urement obtained from the phase difference yields an 
accurate measure of phase to the nearest 7, to which is 
added the fine interpolation of this m interval to an 
accuracy determined by the available SNR, Finally, a 
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scale adjustment is performed analog-wise by a secant 
potentiometer to normalize the resultant voltage, repre- 
senting phase, to angle about the antenna boresight axis. 
This scale is \; sec ¢/27D, where D is the spacing, Ai 
the wavelength of the first frequency and ¢ the angle 
between the boresight axis and one normal to the base 
line. 

Fig. 14 shows a block diagram of the steps involved 
in deriving the final angle using the two-frequency 1n- 
terferometer system. 
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Fig. 14—Data processing in the two-stage interferometer. 


DaTA PROCESSING FOR AMPLITUDE 
COMPARISON-INTERFEROMETER 


Fig. 15 shows a block diagram of an amplitude com- 
parison-interferometer system including the steps neces- 
sary for combining the two outputs in such a way that 
the final estimated angle 6, can be determined. 

The output of the triangular phase detector will be 
a voltage proportional to a phase between —a and 7 
which represents the phase measurement over one of 
the theoretical lobe structures of the interferometer 
pattern. (Again the information is processed so that the 
phase detector is linear between —7z and 7.) 

The voltage output of the difference amplifier is 
quantized in steps of +27 between —ma and mm where 
m is the number of ambiguities in the interferometer 
measurement of angle. 

The analog voltage from the phase detector is scaled 
so that a given level represents the same quantity as 
that from the difference amplifier. The two quantized 
outputs can then be added and scaled by the factor 
d sec ¢/27D to give the estimated angle @. In this sys- 
tem, the accuracy also depends upon an accurate knowl- 
edge of the beam crossover angle of the amplitude 
comparison pattern, 
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Fig. 15—Data processing in the amplitude comparison- 
interferometer system. 


APPENDIX 


In the following analysis, the method of processing 
the received information which yields the maximum 
likelihood estimate of angle using the interferometer 
technique is determined. In addition, the expression for 
the minimum SNR for a given angular accuracy is de- 
veloped. A block diagram of this interferometer system 
is shown in Fig. 16. The combinations of signal and 
noise received by the two antennas are, 


yi(t) = P; Cos (wit + Wi) + 412) 


and 


ya(t) = Pz Cos (wt + 2) + x2(4), (29) 


where 
x(t) = Xei(t) Cos wt + x,;(¢) Sin wf, Tap 


Although it appears that these expressions for y,(t) 
and y2(t) are not the same as those used in the analysis 
of the monopulse section, they differ only in form and 
are otherwise equivalent. From these equations, y(t) 
and y2(t) can be written, 


yi(t) = Vilt) Cos [wt + $1(0)] 
y2(t) = V2(t) Cos [wt + go(d)]. (30) 


Passing through the amplitude limiter, 


yi(l) = VP: Cos [wt + o1(2)], 


P, = signal power. 


Davenport and Root [3] show that the conditional 
probability density is 


VP Cos (¢1 — 1) Re ASG at) , 
qildy V1) = eal A ie — 2 -P1/207° Sin” (¢1—y1) (31) 
On 21 
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Fig. 16—Block diagram of the maximum likelihood 
estimator for an interferometer system. 


when /P; Cos (¢1—-1) >on, which is the case for large 
SNR’s, and 0<qi, ¥1<27. Similarly, 
/P2 Cos (o2 — 2) 
Yo) = cs € 
On lr 
Assuming $2, W2 independent of ¢1, Yi the joint con- 


ditional probability density is (likelihood function of 
Cramer) [4] 
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The likelihood function is such that its maximum occurs 
at the same value of the argument as that of its natural 
logarithm. Allowing Pi:=P2,=P, taking the natural 
logarithm and differentiating, 


d 
—In L(¢,, | vi — f2 = a) 
da 
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d d 
— In Cos (¢1 — Wi) + — In Cos (d2 — yo) 
Li da 


aa 


d 
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20,7 da 


Sin ($1 — #1) — Sin (¢2 — 2) 


P , 
nee [—Sin (¢1 — ¥1) Cos (¢1 — Wi) 


+ Sin (¢2 — 2) Cos (¢2 — 2) 
= 0. 
This implies that 
Sin (¢1 — ¥i)[1 + P/o,? Cos (¢1 — ¥1)] 
= Sin ($2 — $2)[1 + P/on? Cos (o2 — Wr) ], 
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and for P/o,?>>1 
2 Sin 2(¢1 — yi) ~ 2 Sin 2(¢2 — y2), 
hence, the estimated value for alpha, a=W4—Yr, Is 
a= — = gi — oe 


which indicates that phase-detecting yields the maxi- 
mum likelihood estimate. 
Now, the average value of @ is 


E.(@) ee Ew(oi ae $2) 


= if (o1 — $2) L(g, o2| a)dgidde 
0 0 
P Qa 2r 
= { ir ($1 — 2) Cos (1 — W1) Cos (b2 — 2) 
270," 0 0 


SX eWP/20n® Sin? (b1-¥1) @—P/20n” Sin? (2-42) dod» 


; : { $1 Cos (¢1 — Wye! 2an” Sin’ @-¥) dg, 
- 0 
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Using the approximations, ¢:\-~i=x, @2-~o=y<K1 
and P/o,?>>1, 
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An Automatic TV Tracking Theodolite for Range Instrumentation” 


ROBERT E. WISNIEFFT 


Summary—tThe factors affecting the design of a gated Auto- 
matic TV Tracking System are discussed, and a system mechaniza- 
tion to achieve the design objectives is outlined. Only the composite 
video of a closed-circuit TV system is required as an input. A study 
of the dynamic performance of typical targets indicates that the 
unpredictable target motion in a frame period of 1/30 sec must be 
an extremely small fraction of the field of view required for initial 
target acquisition. This permits the use of a small tracking gate in 
the larger acquisition field, since the target coordinates of the previ- 
ous frame may be used to position the gate. This small gate permits 
a signal-to-noise enhancement and effectively rejects extraneous 
targets outside the tracking gate. 

The tracking is effected by subdividing the tracking area into equal 
early and late video gates in each coordinate. The differential video 
between these gates is applied to an electronic integrator in such a 
manner that the integrator output voltage, which is also the reference 
for the generation of the early-to-late gate transition, changes to 
place this gate transition on the target. The integrator voltages are, 
therefore, a measure of the target coordinates in the TV field. 

The operation of an experimental system fabricated to determine 
the feasibility of applying this technique to a range-instrumentation 
system has produced tracking accuracies of better than 0.05 milli- 
radian in an acquisition field of 10X10 milliradians. Current de- 
velopments and additional applications of the technique are dis- 
cussed briefly. 


INTRODUCTION 
vee the past decade, television techniques 


have found increasing acceptance in range- 

instrumentation systems. Initially, the tech- 
nique was used to relay a scene to a control console, 
permitting an operator to command an operation at a 
distant, inaccessible or high-hazard area. By the addi- 
tion of a photographic or video tape recorder, a per- 
manent record of the event may be obtained. The tele- 
vision transducer has the property of transforming a 
scene into an electrical signal. It is the purpose of this 
paper to outline the means whereby this electrical 
signal may be employed to provide tracking data for a 
selected object within the field of view. 

Since the TV sensor responds to visible wavelengths, 
extreme accuracies may be achieved without wave- 
length limitations. Being a passive system, its response 
depends on the size and visible contrast of the target 
relative to the field and is independent of range. With 
these features, a single optical system devoid of me- 
chanically-scanned elements may be used to provide 
tracking information, a remote visual display of the 
target area, and a permanent record of the entire 
operation. The single optical system and transducer 
eliminate all possible sources of boresight error which 
may become a limiting factor in a multimode, high- 
precision tracking system. 


* Received by the PGMIL, June 5, 1961. 
t Tracking and Detection Sect., Television and Infrared Branch, 
Norden Div., United Aircraft Corp., Norwalk, Conn. 


TARGET AND SERVO PERFORMANCE EFFECTS 


In a typical range installation, the tracking stations 
are located a mile or more from the targets to be 
tracked. Tracking accuracy should be limited by the 
angle sensors of the tracking platform and the random 
fluctuations in the atmosphere between the tracking 
station and the target. These considerations indicate 
that a tracking-error detector should be capable of 
sensing errors of less than one minute of arc. Examples 
of the visible targets to be tracked would be the con- 
trast of a missile or aircraft body against a sky back- 
ground, the plume radiation from a rocket during 
boost phase, or a satellite reflecting solar radiation. The 
system must, therefore, be capable of tracking targets 
that may be either brighter or darker than the back- 
ground. 

An important factor in the design of a tracking sys- 
tem is the dynamics of the object to be tracked. Since 
the follow-up servo system may be provided with veloc- 
ity memory, the important quantity in the tracker 
performance is the vehicle acceleration. With normal 
RETMA scanning rates, the frame period is 1/30 sec. 
For a vehicle subjected to 30 g, the displacement result- 
ing from this acceleration in a frame period, as given by 


S = 1/2at?, (1) 


is approximately $ ft. At a one-mile viewing distance, 
this represents a displacement of about one-tenth of a 
milliradian or 20 seconds of are. 

The field of view of the system should not be limited 
by the target dynamics for several reasons, the most 
important of which is target acquisition. The operator 
must be provided with a field sufficiently large that he 
can recognize known objects and, thus, initially orient 
the system on the target to be tracked. About 4° field 
coverage is a reasonable minimum field for aircraft or 
missile test ranges. Other contributing factors are the 
thermal effects on atmospheric refraction and the 
accuracy of the positioning servos. In any event, the 
relative displacement of the target between two ad- 
jacent TV frames will be an extremely small fraction 
of the required field coverage. 

For viewing a distant object, such as a satellite, a 
much smaller field may be employed. Fields of view of 
one or two minutes are appropriate for this application. 
In this case, the unpredictable target motion in one 
frame period is still a small fraction of the total field of 
view. 

The task of the TV tracking system is to sense dis- 
placements of a target in the order of a few per cent of 
the field of view in a frame period. If the error sensor is 
linear over the entire field of view, then the target co- 
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ordinates may be determined by the vector sum of the 
base-mount readings of the center of the field of view 
and the target displacement relative to the field center 
as determined by the tracking system. The base-mount 
servo performance, with respect to static and dynamic 
errors, may be relaxed by an order of magnitude be- 
cause of the highly accurate target coordinate data ob- 
tained within the field. 


SIGNAL TO NOISE 


Since the television video signal is generated by a 
sequential scanning of the transducer mosaic, the video 
signal may be considered as a series of pulses of variable 
amplitude but constant width equal to the period of 
one horizontal resolution element 7. This period is de- 
termined primarily by the upper-band limit of the 
video amplifier. 

The lower-band limit of the video amplifier is chosen 
below the field repetition frequency of 60 cps and is, 
therefore, sufficiently below the upper-band limit (equal 
to approximately 5 Mc for 7=0.1 usec) that it may be 
considered as a low-pass amplifier. The noise in the out- 
put of the video amplifier will then be a series of pulses 
of duration r having random amplitude and occurrence. 
Noise pulses shorter than 7 cannot exist because of the 
upper-band limit of the amplifier. Pulses wider than 7 
may be synthesized as a series of pulses of width rT. 
Consider the output of the TV sensor to be a white- 
noise source, and let the noise output of the video 
amplifier be normalized to a one-volt rms amplitude. 
In a time interval 7 the number of pulses NV, of width 7 
exceeding a given amplitude 6 will be given by 


x a [2 [ler | 
ss i i V Tv 0 : 2 


Consider a TV system with 500-line resolution in each 
coordinate, and let +r=0.1 psec. Then Y=(500)? 
(10-7) =25 10-3 sec. For a 30-frame-per-sec system, 
a frame period of 33.3X107* sec is indicated. The 
difference may be attributed to the horizontal and ver- 
tical retrace time during which both the signal and 
noise are blanked. Therefore, the active scanning period 
per frame is approximately 25X10~* sec. In Table I, 
column 1, is recorded the level 0 relative to an rms 
noise output of one volt. In column 2 the number of 
noise pulses NV that exceed the level 6 in one active 
frame period (25X10~ sec) is recorded. It will be ob- 
served that the number of noise pulses exceeding a 
given level falls rapidly as the level is increased. Clearly, 
the noise pulses will set the lower signal limit that 
may be tracked. If the number of noise pulses above a 
threshold level greatly exceeds the number of signal 
pulses in each frame, the signal pulses will have a sec- 
ondary effect on the tracking circuits, and many frames 
will be required before the presence of the signal may be 
detected. 

The objective of the tracking system is to obtain 
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accurate tracking data with the lowest possible SNR. 
The system must, therefore, be designed to maximize 
the ratio of the number of signal pulses to the number of 
noise pulses of equal or greater amplitude. Noise of 
appreciably smaller amplitude than the signal may be 
rejected by an amplitude-discriminating device such as 
an automatic gain control amplifier. 


ACANSILNS, IL 
Column 1 2 3 
number of noise number of pulses 
level b pulse exceeding exceeding level b 
Lieb relative to 1 level b in one in area of +X 
volt rms out- frame period of entire frame 
put signal T =25 X10 sec T=25 X10 sec 
+ =0.1 psec 7 =0.1 usec 
0 25 X 104 25 X10? 
1 7.9X 10! 7.9 X10? 
2 1.14X104 114 
3 675 6.75 
4 16 0.16 
5 0.14 1.4XK10% 
6 Os 10> 
a Ome 1058 


The first thought of a signal-enhancement technique 
might be to increase the size of the target on the sensor 
photocathode and, thus, increase the number of signal 
pulses. If this is accomplished by increasing focal 
length of the optical system, then the number of 
signal elements will increase as the square of the focal 
length. However, if the aperture is held constant, the 
energy density at the photocathode (and hence the 
SNR for a linear transducer) will decrease as the in- 
verse square of the focal length. From Table I, it is 
obvious that the number of noise pulses per frame in- 
creases at a much greater rate than the inverse square 
of the level. Hence, for constant aperture, the ratio of 
signal pulses to noise pulses of equal or greater am- 
plitude will decrease with an increase in image size. This 
leads to the conclusion that a maximum ratio of signal 
to noise pulses will occur when the target energy is 
concentrated on a single resolution element of the 
sensor. This conclusion applies only for low-signal 
amplitudes where a significant number of noise pulses 
of equal or greater amplitude appear in a frame. For 
stronger signals, a larger-area target will effect signif- 
icant improvement in tracking performance. 

It can be seen from (2) that a vast improvement in 
SNR could be obtained if the active scanning time 7 
per frame could be reduced. Recall that the target will 
only move a few per cent of the total field between 
adjacent frames. This implies that the knowledge of the 
target location from the previous frame may be used to 
specify the coordinates of a small area of the total 
field in which the target will appear on the next frame. 
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For example, in many cases it is possible to predict the 
target location to within 10 per cent of the total field 
in each direction. If a gate is placed around the initial 
target location extending to 10 per cent of the total 
field in the direction of each coordinate, the remainder 
of the video information in each frame may be removed 
from the signal delivered to the tracking data-processing 
circuits. In effect, the active frame time 7 in (2) is re- 
duced by a factor of 100, and the number of noise pulses 
of a given level appearing within the gated area is re- 
duced by the same ratio. This is recorded in column 3 
of Table I. Consider a target equal in size to a single- 
resolution element and having a peak signal equal to 
four times the rms noise. From Table I column 2 it 
can be seen that there would be 16 noise pulses of equal 
or greater amplitude per total active frame. A tracking 
system would, therefore, require several frames of 
correlation to determine which of the seventeen pulses 
(16 noise +1 signal) is the target pulse. If the tracking 
video is confined to a gated area as outlined above, we 
note from column 3 that a noise pulse equal to or 
greater than the target pulse will occur only once in 
every six frames. 

The gating of the field has another important effect 
on signal enhancement. In many applications, the field 
of view may contain targets other than the one being 
tracked. The presence of these targets in the tracking 
field of view will disturb the tracking, frequently mak- 
ing it impossible. The gating technique permits com- 
plete rejection of signals outside the gated area and yet 
retains them within the view of the operator so that 
potential sources of tracking interference may be noted 
and appropriate action (reduction of gate size, manual 
guidance in the event of target crossing, etc.) may be 
taken. The gating technique, therefore, will permit 
tracking a single aircraft in a formation or the main 
missile body after booster separation. 

It remains, therefore, to instrument a gated tracking 
system in which the center of the gate is always main- 
tained on the target coordinate of the previous frame. 


SYSTEM MECHANIZATION 


The design objectives of the TV tracking system are 
to generate the two coordinate tracking data from the 
signal available in the composite video of a closed cir- 
cuit TV chain. The components of the complete TV 
system would then be 


1) A conventional television camera (vidicon or 
image orthicon sensor) that produces the com- 
posite video. 

2) A data-processing system that converts the video 
signal to the real time two coordinate tracking 
voltages, which are proportional to the displace- 
ment of the target from the boresight axis of the 
TV camera. 

3) A visual monitor that displays the TV field with 
an open-center reticle surrounding the target 
being tracked. 
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4) A photographic monitor or video tape recorder 
that provides a permanent record of the scene and 
automatic TV tracker performance. 


The novel component of the system is the data- 
processing unit, which produces the two coordinate 
tracking information. Fig. 1 is a block diagram of these 
circuits. The method of generating the analog voltages 
proportional to the two coordinate target displacement 
is based upon the use of comparison-tracking gates. 
The use of these gates not only permits the signal-to- 
noise enhancement and extraneous target discrimina- 
tion effects previously discussed, but also insures that 
the proportionality of the signal output will be deter- 
mined solely by the linearity of the sweep generators 
and be independent of target size or signal strength. 

The horizontal and vertical synchronizing pulses are 
separated from the composite video in a conventional 
separator circuit. These pulses synchronize linear 
horizontal and vertical sawtooth generators. Equal 
early and late gates are generated in each channel by 
comparators operating on the sweep generators. The 
reference for the center of these gates is determined 
from the best knowledge of target coordinates. In ac- 
quisition, this voltage is manually controlled by the 
operator from observation of the display. During auto- 
matic tracking, this reference is provided by the tracker 
output from the previous frame. The size of the gates 
is set manually from knowledge of target size and an- 
ticipated dynamic performance. These gating circuits 
divide the target video between early and late gates in 
the horizontal and vertical scan directions. The respec- 
tive early- and late-gated video signals in each direc- 
tion are supplied to the inputs of difference amplifiers. 
The output of each difference amplifier is delivered to 
an electronic integrating network with polarity such 
that the integrator outputs will be modified for target 
motion in the frame period. The integrator outputs after 
amplification are then a measure in both polarity and 
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Fig. 1—Data-processing unit, block diagram. 
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magnitude of the horizontal and vertical target dis- 
placements. These voltages are fed back to the gate 
generation circuits to reflect changes in the best knowl- 
edge of target coordinates in the frame. 

To assure that the system will be capable of tracking 
targets of positive, negative, or mixed contrast (with 
respect to the background), a diode bridge is included 
to convert any departure from the background video 
level to a unipolarity signal for delivery to the video- 
comparison circuits. 

In order to compensate for variations in target aspect 
and contrast, the video delivered to the comparison 
circuitry is processed by an automatic gain control 
amplifier which maintains the target at a constant 
standarized amplitude. Circuitry is also provided to 
prevent operation of the video-con:parison circuits 
whenever the received target signal falls below a re- 
liable level. This successfully prevents false information 
from being produced. 

The gates generator also provides the necessary sig- 
nals to generate an electronic reticle on the TV monitor. 
The result on the monitor is an open crosshair centered 
on the tracking-gate position which, under proper 
operation, is centered on the target. The gate size may 
be restricted by manual control to enhance the SNR 
and to increase the usefulness of the equipment when 
looking at areas containing false or undesired targets. 

The design of the circuits to accomplish the functions 
outlined above follows well-known techniques of pulse- 
and video-circuit design and need not be discussed in 
detail. 

The gated tracking system combines the advantages 
of a large-field-acquisition viewing device with the 
performance of a small-field-of-view tracking system. 
It is interesting to compare its performance with that of 
a unit employing separate acquisition and tracking 
transducers. 

In the system employing separate transducers, the 
maximum static and dynamic errors tolerable in the 
servo system are set by the small field of view of the 
tracking sensor. In the gated TV-tracking system, the 
servo performance is set by the large acquisition field, 
since the gates are free to move to any position within 
the larger area. In the separate acquisition-track sys- 
tem, the field of the tracking system is fixed by the 
original design and cannot be readily changed to ac- 
commodate a different target size or changes in dynamic 
performance. In the gated system, the tracking field 
may be readily adjusted to suit the particular problem 
at hand. Indeed, it is possible to vary the gate size dur- 
ing a tracking run in order to obtain maximum per- 
formance at all points on the trajectory. For example, a 
missile at launch being viewed from a nearby tracking 
station may require a large field of view. As the missile 
range increases, the target becomes smaller and the 
signal weaker. Reducing the tracker field of view will, 
then, enhance the SNR for accurate tracking in mid- 
course. 


Wisnieff: Automatic TV Tracking Theodolite 
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In multimode tracking systems of extreme accuracy, 
alignment errors of the various systems can be appre- 
ciable. Also, careful alignment at one point may be dis- 
turbed when the mount is shifted and the mass dis- 
tribution changed or when the systems are subject to 
dynamic forces. In the gated TV-tracking system, a 
single optical system and transducer are used so that 
boresight errors are eliminated. In addition, the obvious 
optical system simplicity and the need for only one 
sensor results in appreciable reduction in over-all sys- 
tem complexity, even though the tracking data reduc- 
tion may be somewhat more complex than for a separate 
single-element tracking system. 


APPLICATIONS 


In order to test the feasibility of the concepts out- 
lined above, experimental equipment was fabricated 
for use in the range-instrumentation system at Eglin 
Air Force Base under contract AFO8(603)-4574. The 
design objective of the equipment, known as Tracking 
Error Measuring Device, was to provide real time 
readout of the tracking error of a Contraves Cinetheo- 
dolite tracking system. This equipment consisted of a 
Zoomar “Reflectar 40” optical system with a vidicon 
TV camera rigidly attached to the optics barrel of the 
manually operated theodolite. The data processing was 
accomplished in a remotely located instrument console 
shown in Fig. 2. Since the equipment did not control the 
tracking servos directly, two output terminals were 
provided to monitor the output voltages. These volt- 
ages were analogs of the azimuth and elevation dis- 
placement of the target from the center of the TV 
field, which was aligned with the boresight axis of the 
Cinetheodolite. In addition, a special photographic 
monitor and recording camera were provided within 
the console to provide a permanent record of the sys- 


Fig. 2—Tracking-error measuring device console. 
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tem operation. The field of view of the equipment was 
10X10 milliradians. Reproducible error readout was ob- 
tained to better than 0.05 milliradian or approximately 
10 seconds of arc. Under dynamic operation, the chief 
contributing source of error was the distortion of rela- 
tive line of sight between the theodolite and TV optics. 
Future plans for this program provide for the use of the 
main theodolite optics for the TV system to eliminate 
this source of error. 

A second system is currently under development for 
the White Sands Missile Range under Contract DA-36- 
039 SC-87146. In this system, the camera and optical 
system are mounted on, and boresighted with, an 
AN/FPS-16 range-tracking radar. The two coordinate 
tracking data are then reduced to a form compatible 
with the radar-tracking servos. The TV-tracking in- 
formation will be used when the radar system is in- 
capable of operation as, for example, in the initial ac- 
quisition of a missile when the radar signal is lost in 
ground clutter but the visible signal from the booster 
plume may be clearly discerned. It is anticipated that 
this system will also be capable of operation during 
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midcourse, since the experience with the Eglin Air 
Force system indicates tracking capability with con- 
trast ratios as low as 10 per cent. 

In general, the system may be applied to any tracking 
problem where a visible signal can be reduced to TV 
video information. The technique may be directly ap- 
plied to the tracking of satellites illuminated by solar 
radiation. Other applications would include passive fire 
control in land-based, shipboard or airborne applica- 
tions. To date, no effort has been made to miniaturize 
the data processing circuits, although it appears en- 
tirely possible to package a miniaturized version of 
these circuits in a 250 cubic inch package with a weight 
of approximately 6 pounds and a power consumption 
of 30 watts. 
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The Future of Pulse Radar for Missile and 


Space Range Instrumentation* 
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Summary—An account of instrumentation radar development is 
given, and advantages and disadvantages of radar as compared to 
other instruments are discussed. Capabilities of present monopulse 
radars are described, based upon actual test data from the AN/FPS- 
16. This radar has a range of 200 miles on echo targets of one-square- 
meter cross section and can track to an accuracy of 0.1 mil in angle 
and 5 yards in range. The next generation in instrumentation radar 
is represented by the AN/FPQ-6, now under development, which 
will extend accurate tracking to ranges in excess of 500 miles on 
echo targets and will track existing beacons beyond the moon. An 
important capability not yet exploited in pulsed-instrumentation 
radars is the coherent pulsed-Doppler velocity-measurement channel 
which will equal the accuracy of microwave CW systems in radial- 
velocity data. Provisions for adding this fourth tracking channel to 
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both AN/FPS-16 and AN/FPQ-6 are being made, and suitable bea- 
cons are being designed. An important advantage of pulsed-Doppler 
radar is the ability to share a single coherent beacon in multiple- 
station operation, providing highly accurate, three-coordinate veloc- 
ity and position data without special interstation communication 
links over ground paths. 

Beyond the immediate developments of the AN/FPQ-6, there 
are three major areas of improvement which will greatly extend 
radar performance. Solid-state maser preamplifiers will increase 
sensitivity of microwave radars by a factor of nearly one hundred 
within one or two years. Microwave antennas are already under con- 
struction in the 100- and 300-ft diameter class. Multiple-tube trans- 
mitters will make available ten to one hundred times the presently 
used average power, and signal-processing techniques are available 
to code the transmissions for accurate measurement of range and 
velocity. As a result of these developments, the improvement in 
radar performance should proceed at a more rapid pace even than 
that of the past ten years. 

The unique ability of radar in acquiring and tracking uncoopera- 
tive objects has been appreciated for some years, and examples of 
actual tracks are presented to show some of the interesting data 
which can be extracted from satellite echo signals. 
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I. BACKGROUND AND STATUS OF 
INSTRUMENTATION RADAR 


HE future needs of space-range instrumentation 
aa be filled by evolution of present missile- 

instrumentation systems and by introduction of 
new equipment and techniques made possible by the 
many scientific programs in the areas of radar, com- 
munications and astronomy. Pulsed-tracking radar in- 
struments can be expected to play a major role in future 
systems, just as they have in the past. Before discussing 
the lines along which instrumentation radar evolution 
is taking place, it is appropriate to review briefly the 
history of present radar systems, and establish the 
status and capabilities of the equipment now in use. 


Early U. S. Systems 


The development of high-altitude research rockets 
and guided missiles in the United States brought to- 
gether instrumentation methods from many fields. 
From the aircraft test field came internal instrumenta- 
tion, radio telemetry and recording devices. Anti- 
aircraft artillery evaluation has made extensive use of 
theodolites, and these were brought to bear on missiles 
in the earliest stages of development. Various fixed- 
camera methods were derived from other ordnance 
projects as well as from the field of astronomy, which also 
contributed the long focal-length telescope. Electronic 
instrumentation came from the fields of navigation, 
direction finding, fire control, close-support bombing, 
and from specialized methods such as the Doppler radio 
techniques used by the Germans in the V-2 program. 
Since the program got under way toward the end of 
World War II, it was logical that military equipment, 
surplus and captured, would play a significant role, and 
this was certainly true in the case of radar equipment. 


The SCR-584 Radar 


One radar in particular, the SCR-584, proved par- 
ticularly valuable to the test ranges and has maintained 
its usefulness to this day. The primary reasons for this 
were its availability (some fifteen-hundred sets had 
been built by the end of the war), reliability (a tre- 
mendous production and field engineering effort had 
followed the original MIT Radiation Laboratory de- 
velopment work), and flexibility. Designed for control 
of 90-mm AA guns and similar weapons, the SCR-584 
was equipped with alternate forms of data output, an 
oversized modulator and power supply, and ample space 
for additions and modifications that proved necessary. 
Furthermore, development of instantaneous electronic- 
plotting boards (operating in rectangular coordinates) 
had already been carried out for use in close-support 
bombing and in mortar location. Transpogder beacons 
were also available from the close-support bombing 
program, as was a standard radar modification for long- 
range tracking of beacons. Thus, the SCR-584 was 
ready for the earliest V-2 and Wac Corporal firings at 
the White Sands Proving Ground and was in use at 
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other rocket ranges. Along with the radar, of course, 
there were used the famous German Askania theodolite, 
Bowen-Knapp fixed cameras, and Doppler radio sys- 
tem. 


Modifications and Refinements 


The flexibility of the original SCR-584 has already 
been mentioned. Dozens of important field modifica- 
tions were made in order to incorporate design ad- 
vances to this radar at various times in the range in- 
strumentation programs. These were concerned pri- 
marily with extending the range of tracking and range 
rates, synchronizing adjacent radars for reliability of 
operation without interference, recording of position 
and signal-strength data and providing control links to 
the missile through modulation of radar pulse rate or 
pulse code. Ultimately these and other improvements 
were incorporated through factory modification in the 
AN/MPQ-12 radar, which first became available in 
1949, and in the improved AN/MPQ-18, which fol- 
lowed the MPQ-12 in design and has been operational 
since late 1954. These radars have been used primarily 
at the White Sands Missile Range, but similar modi- 
fications have been applied to the SCR-584 for use at 
the Pacific Missile Range, NOTS (China Lake), the 
Atlantic Missile Range, Edwards Air Force Base, and 
the Gulf Test Range. Other nomenclature applied to 
modified SCR-584 radars includes AN/MPG-2 (refer- 
ring toan X-band set using the MC607 kit on a standard 
SCR-584), tracking radar Mod II (similar to the MPQ- 
18), and AN/MPS-25 (a C-band version used at the 
Pacific Missile Range). In each case the basic SCR-584 
pedestal, modulator and power supply, and 30-cycle 
conical scan is employed, while most other major com- 
ponents have been replaced or extensively modified. In 
some cases, the cost of modification has run to two or 
three times the original cost of the radar. 

Parallel to evolution of improved radars has been a 
great effort in system design, involving chain radar 
operation, real-time computing, plotting and data 
transmission, precision data recorders, communications 
systems, transponder beacons, and control and teleme- 
try equipment The effect of this effort, which will not be 
described in detail here, has been to provide further uses 
for radar data and to keep a continuing pressure towards 
development of radars with greater precision and range, 
so that significant data can be supplied to the instru- 
mentation system as a whole. 


The AN/FPS-16 Instrumentation Radar 


By 1953, military development programs had made 
possib'e the design of highly precise tracking radars us- 
ing the “monopulse” method [1], with adequate range 
and accuracy to serve as primary missile-range instru- 
mentation. Development of such radars was carried 
out on a triservice program under cognizance of the 
Navy Bureau of Aeronautics. The first experimental 
model, designated AN/FPS-16 (XN-1), was completed 
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and tested by June, 1956, and installed early in 1957 at 
Patrick Air Force Base for use on various missile and 
satellite programs. This model (see Fig. 1) was housed in 
a trailer, with the antenna on a solid base nearby. A sec- 
ond model, designated AN/FPS-16 (XN-2), was built 
as a fixed-station radar and served as a prototype for 
subsequent production of 46 sets for use in all parts of 
the world. The XN-2 equipment (Fig. 2) was installed 
at Grand Bahama Island in June, 1957, and has served 
since that date in support of all test programs at the 
Atlantic Missile Range. The distribution of production 
models of the AN/FPS-16 is shown in Fig. 3. Major 
characteristics of the radar already described in the 
literature [2] are repeated in the Appendix for reference. 


AN/FPS-16 Modifications 


As with the venerable SCR-584, the new AN/FPS-16 
has been modified successively to increase its range, 
accuracy and adaptability to new requirements. Some 
of the major modifications will be listed here to indicate 
the current status of different versions of the radar. 

1) AN/FPS-16 (X N-3). A fairly extensive modifica- 
tion program was initiated by the Signal Corps soon 
after the AN/FPS-16 program began. The changes in- 
volved the use of a 3-Mw tunable klystron to replace 
the original magnetron transmitter, addition of a circu- 
larly-polarized mode of operation to supplement linear 
polarization in beacon tracking, replacement of the 
boresight camera with a closed-loop TV system, and in- 
clusion of a data corrector to overcome mechanical 
limitations of the antenna pedestal and extend the 
bandwidth of the data system to 20 cps. The XN-3 
radar remains in operation at Moorestown, N. J., as a 
base for further modifications, and three field radars, 
designated AN/FPS-16 A-X, are operating at the 
White Sands Missile Range. The circular polarizer and 
data correction provisions have also been applied to 
several PMR and AMR radars. 

2) Range System Modifications. Field modifications 
to provide continuous tracking to 500 miles have been 
installed in several radars, and such trackers are stand- 
ard equipment on the later production sets. In addition, 
a digital range tracker with a 5000-mile range and 
provision for automatic resolution of 500-mile ambigui- 
ties has been developed and installed in five radars. The 
digital range tracker makes possible the acquisition 
of beacon-equipped satellites and missiles as soon as 
they rise above the horizon, and provides for continuous 
tracking as long as the target stays within line-of-sight 
range. Tracking can proceed without interruption be- 
yond 5000 miles, on strong enough signals, with ambi- 
guities at intervals of 8192 miles. 

3) 16-ft Reflector. Using the original pedestal, the 
reflector size has been increased from 12 to 16 ft on five 
radars, and the 16-ft reflector is standard on late produc- 
tion units. 


4) AN/MPS-25. A new trailerized model of the 
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Fig. 2—Radar set AN/FPS-16 (XN-2) at Grand Bahama Island. 
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Fig. 3—Location of AN/FPS-16 instrumentation radars. 


radar, using the same basic circuits as the AN/FPS-16, 
has been built, and seven units are in use. 

5) Acquisition Console. Added acquisition displays 
and controls have been placed in eleven sets, primarily 
to assure rapid acquisition on programs such as Mer- 
cury. 

6) Improved Receivers. Improved crystal mixers 
giving a 7-db system noise figure and parametric am- 
plifiers giving 4-5 db have been developed for use with 
the various models of the AN/FPS-16 radar. 

Although the possibilities of further piecemeal modi- 
fication of the AN/FPS-16 are far from exhausted, a 
program for a major step forward in an integrated de- 
sign was undertaken late in 1960. This program calls for 
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combining the major modifications developed for the 
AN/FPS-16 with a newly-developed antenna and 
pedestal, to produce both fixed-station equipment 
(AN/FPQ-6) and transportable units (AN/TPQ-18). 
These developments will be discussed more fully in a 
later portion of this paper. 


Advantages and Disadvantages of the Pulsed Radar 
Method 


Pulsed tracking radars, starting with the SCR-584 
and proceeding through AN/FPS-16 to AN/FPQ-6, 
have been adopted as standard instrumentation on all 
the world’s missile ranges. The reasons for this choice, 
along with some of the negative factors to be overcome, 
can be discussed in a general way here. The principal 
advantages of the radar method are as follows: 

1) Complete data are obtained at a single station. 

2) Data are available in electrical form. 

3) Reduction of data to rectangular coordinates (or 
other three-coordinate system) is simple. 

4) As aresult of 2) and 3), very rapid data processing 
is possible with small-analog computers, and real-time 
reduction of precise data is feasible with large-scale 
digital machines. 

5) Operation is possible in all weather conditions. 

6) Operation is possible either by reflection from a 
noncooperating target, or by use of a transponder 
carried by the target. In the latter case, range is usually 
limited only by line-of-sight. 

7) Interference and multipath propagation troubles 
are minimized by the narrow angular beam and the 
narrow range tracking gate. 

8) The measured coordinates always intersect at 
right angles, minimizing geometrical dilution of preci- 
sion as found in triangulation and base-line systems. 

9) Ionospheric effects are negligible if frequencies 
above 3000 Mc are used. 

10) Measurements do not depend upon availability 
of continuous past history of the trajectory, as with 
CW Doppler systems. 

11) Control and telemetry channels are available 
when a transponder is used. 

12) Reliable equipment is available in production 
quantities with a high degree of standardization. 

13) The radar can be operated and maintained by as 
few as two men, and maintenance personnel are avail- 
able from both commercial and military organizations. 
Manpower required for data transmission and process- 
ing is also reduced to a minimum. 

Chief limitations of radar methods as currently used 
are as follows: 


1) The radar may be a large, complex and rather ex- 
pensive instrument. 

2) Mechanical error in the antenna pedestal and 
noise in the tracking servo loop must be contended 
with. 

3) Power consumption of the radar is relatively high. 
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4) Velocity is generally obtained from differentiated 
position measurements, with resulting errors de- 
pending on smoothing. 

5) Tropospheric refraction introduces error in the 
radar measurement. 

6) Tropospheric attenuation is present at the higher 
radar frequencies. 

7) No information is normally obtained on target 
aspect (attitude). 

8) Tracking at low altitudes is affected by ground- 
clutter reflection in the antenna beam and side- 
lobes, and line-of-sight limitations apply. 


In many cases, these limitations may be overcome by 
improved siting, operational procedures, or refinements 
in design, as will be discussed later. Many of the above 
limitations also apply with equal or greater force to in- 
strumentation systems other than radar. 


Performance of Monopulse Radars 


The post-war development of monopulse tracking 
radars has led to a number of highly-refined types of 
equipment, used in both tactical and instrumentation 
systems. The AN/FPS-16 is in many ways typical of all 
such radars, and since it is an unclassified equipment, as 
well as the only such radar designed specifically for 
range instrumentation, its performance will be dis- 
cussed here as indicating the current capability of field 
radar equipment. In a later section, some of the ex peri- 
mental advances leading to much longer-range radar of 
comparable accuracy will be covered. 

In the AN/FPS-16 development, significant ad- 
vances were made toward easing the following limita- 
tions of the radar method: 

1) Mechanical and Servo Error. Completely 
pedestal design, based on analysis of errors in radar 
pedestals previously developed, brought total mechan- 
ical error below the 0.1 mil level. Careful electrical de- 
sign reduced servo and target scintillation errors to 
negligible factors, while the rms extent of target glint 
for echo tracking is held to about one-fourth the extent 
of the target itself. Test data substantiating this is given 
in [2 | andes): 

2) Velocity Data. The spectrum of position errors was 
controlled to permit the use of lower smoothing time in 
derivation of velocity. This was made possible by 
achievement of servo bandwidths up to 5 cps in angle 
and 10 cps in range. 

3) Tropospheric Refraction. Correction formulas were 
derived to minimize this error. 

4) Tropospheric Attenuation. A medium frequency 
(5400 to 5900 Mc) was found to reduce effects of at- 
tenuation and masking in clouds, rain, and moist 
atmosphere, as compared with higher frequencies. At 
the same time, beamwidths in this band can be made 
narrow enough, with reasonable antenna size, to reduce 
error at low-elevation angles, as compared to S-band 
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5) Low-Altitude Tracking. Sidelobes were reduced to 
the point where accurate tracking was possible within 
3° of the ground. Below this angle, use of special screens 
or radar fences may further extend the tracking range. 

The net result of these developments was to make 
possible radars for instrumentation which are capable 
of a full order of magnitude improvement in instru- 
mental accuracy over that obtained with modified 
SCR-584’s. Range at which precise tracking is possible 
on similar targets is improved almost 10:1 over the 
original SCR-584, and 3:1 over the most advanced 
modifications of this radar used in range instrumenta- 
tion. Angular precision of 0.03 mil and absolute accuracy 
of 0.1 mil are available after correction for propagation 
effects. Range precision of 1 to 2 yards rms and ab- 
solute accuracy of 5 yards rms are available after cor- 
rection of propagation effects. Table I gives the results 
in terms of space positions. 


Analysis of Errors in Monopulse Radar 


Within the past few years a great deal of work, both 
theoretical and practical, has gone into the analysis of 
radar tracking errors. References [2], [3] and [4] present 
the results of such analysis on the AN/FPS-16 radar, 
and the following discussion summarizes these results 
and illustrates the type of data obtained in verification 
of the theoretical findings. 

It has been common practice to represent radar-angle 
errors as the sum of three components, as shown in 
Fig. 4. As radar development proceeded and tracking 
range was extended, it became necessary to break the 
errors down into a large number of small components, 
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analyze how each one varied with operating conditions, 
and devise tests to verify each such relationship. This 
has been accomplished for the AN/FPS-16, with the 
error breakdown in angle shown in Table II. 


TABLE I 
Errors IN MONOPULSE RADAR POSITION MEASUREMENT 
Range from Radar Precision Accuracy 
(n.m.) (ft rms) (ft rms) 

5-10 5 15 
10-20 7 20 
20-40 10 30 
40-100 15 50 
100-200 30 100 
200-400 60 200 
400-1000 150 400 
1000-2000 300 1000 
2000-4000 600 2000 
4000-10 , 000 1500 4000 


Nore: Based on coordinate having largest error. 
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Fig. 4—Theoretical radar errors vs range. 


TABLE II 
INVENTORY OF ANGLE ERROR COMPONENTS 


Bias 


Noise 


Radar-dependent tracking errors 


dey Boresight axis collimation 
(deviation of antenna from target) 


Axis shift with: 
RF and IF tuning 
Receiver phase shift 
Target amplitude 
Temperature 

Wind force 

Antenna unbalance 

Servo unbalance 


Receiver thermal noise 
Multipath (elevation only) 
Wind gusts 

Servo electrical noise 
Servo mechanical noise 


Radar-dependent translation errors 
(errors in converting antenna posi- 
tion to angular coordinates) 


Levelling of pedestal 

North alignment 

Static flexure of pedestal and antenna 
Orthogonality of axes 

Solar heating 


Dynamic deflection of pedestal and antenna 
Bearing wobble 

Data gear nonlinearity and backlash 

Data take-off nonlinearity and granularity 


Target-dependent tracking errors 


Dynamic lag 


Glint 

Dynamic lag variation 
Scintillation 

Beacon modulation 


Propagation errors 


Average refraction of troposphere 
Average refraction of ionosphere 


Irregularities in tropospheric refraction 
Irregularities in ionospheric refraction 


Apparent or instrumentation errors 
(for optical reference) 


Telescope or reference instrument stability 


Film emulsion and base stability 
Optical parallax 


Telescope, camera or reference instrument vibration 
Film-transport jitter 

Reading error 

Granularity error 

Variation in optical parallax 
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Detailed measurements of the “fixed” components 
(those whose rms values are the same for most operat- 
ing conditions) were made and verified by over-all sys- 
tem measurements under controlled conditions. The re- 
sults were as follows: 


Component Bias (mils) Noise (mils) 
Mechanical 0.04) 
Electrical 0.04/ pes 
Data system 0.01 0.035 
Total (rms) “fixed” error .06 0.04 


In order to evaluate those components whose values 
vary with operating conditions, a series of equations 
was derived to describe the dependence of error upon 
various radar, target and environmental factors. A sum- 
mary of these equations for radar angle measurement 1s 
given in Table III]. Experimental data were taken under 
conditions simulating missile tracking, as well as dur- 
ing aircraft tracking. For simulation of missile- and 
space-tracking conditions and beacon operations, a 
series of tracks were run on small reflective targets 
carried by free balloons. Fig. 5 shows the results of a 
typical tracking run made with the AN/FPS-16 on a 
6-in metal sphere carried aloft inside a free balloon. In 
this figure, azimuth tracking noise is plotted against 
range (the elevation error plot is similar). The boresight 
film was analyzed to determine the standard deviation 
of the error, which is defined as the difference between 
the radar-pointing direction and the optical line-of- 
sight to the center of the balloon. Each of the points 
plotted on the graph represents a sample analyzed over 
a period of 30 seconds at intervals during the run. The 
circles and triangles represent two different servo band- 
widths. 

The lines which have been drawn in on the graph 
represent theoretical limits or explanations of the re- 
sults. The left portion of the plot is well-fitted by a 
straight line of negative slope representing inverse pro- 
portionality to range. The explanation of this lies in the 
fact that the metal sphere is not rigidly supported in- 
side the balloon, but can wander around a bit. Since the 
radar sees the sphere and the camera sees the balloon, 
there is an error. The line drawn at the left of Fig. 5 
corresponds to a linear error of 13 in at the balloon. 

The line rising to the right has a slope representing 
proportionality to the square of the range. This is the 
theoretical lower limit of error due to thermal noise in 
accordance with the formula appearing in Table III. 
The points are in fairly good agreement with this line. 

Running horizontally at about 0.01 mil is a line which 
represents the lower limit set by the error in recording 
and reading the data. In some of the runs, it has been 
found that the points in the center region did, in fact, 
closely approach this line. In Fig. 5, this is not the case. 
This run has been purposely selected because it ilus- 
trates another interesting and important effect, namely, 
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random errors due to propagation anomalies or atmos- 
pheric blobs of varying index of refraction. 

Muchmore and Wheelon [16] have derived the 
propagation-noise formula given in Table III. If the 
following typical values are taken: 


AN = 0.5 
Lo = 50 ft 
L = total range to target, 


TABLE III 
SUMMARY OF TRACKING ERROR EQUATIONS 


Thermal Noise (for S/N > 1) = a5 radians (1) 
N Bn 
. Oy . 
Multipath on = se ladians (2) 
V8As 
} il Je; ; 
Target Glint o; &— — radians (3) 
AW IK 
Servo Lag = a o 3 radians (4) 


Propagation noise op S2AN X 10-5/L/Lp radians (5) 


Symbols: 


6=radar beamwidth (rad) 
S/N =signal-to-noise power ratio 
f, =repetition rate (pps) 
B,=servo bandwidth (cps) 
p=ground reflectivity (voltage ratio) 
A,=sidelobe attenuation (power ratio) 
L,=span of target 
R=range of target 
w,=target angle velocity (rad/sec) 
@,=target angle acceleration (rad /sec?) 
K,=velocity error constant (1/sec) 
K, =acceleration error constant =2.58,,2(1/sec?) 
AN=rms variation in tropospheric refractivity (V-units, or 
[n—1]X 10°) 
L=length of tropospheric anomalies 
Lo=scale length of anomalies 
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Fig. 5—Measured angle tracking noise vs range. 
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the straight line which appears in the center portion of 
Fig. 5 is obtained; this line has a positive slope indicat- 
ing proportionality to the square root of range. This sets 
a lower limit of precision in the center region of the 
graph. 

In this explanation is correct, it is believed that this 
is the first time the effect of atmospheric propagation 
anomalies has been observed with a single radar. This 
suggests the possible use of a tracking radar for ob- 
servation and measurement of this effect. 

Fig. 5 extends out only to a range of about 25 miles. 
This limitation is due, not to the radar, but to inability 
of the camera to see the balloon at longer range. The 
radar has tracked these balloons (or rather the 6-in 
metal spheres inside) out to 70 nautical miles. The 
maximum range on a target of one-square-meter radar 
cross section is 150 miles for the unmodified radars, and 
200 miles for those currently in production. 

Plots obtained from aircraft tracking runs are similar 
to the one shown for a metal sphere, except that the 
glint or wander of the electrical center of the target is 
greater (about } of the target dimension in each co- 
ordinate), and the thermal noise line moves out further 
to the right (that is, toward longer range), because of 
the larger echoing area. 

A large amount of additional experimental data is 
available in [2] and [3]. 


Range of Echo Tracking 


The classical radar equation can be used to calculate 
the ratio of the received signal power to the radar- 
receiver noise, and from this ratio the ability of the 
radar to detect, lock-on and track may be estimated. 
In its generally used form, the radar equation gives the 
SNR in the IF amplifier (after the first stage or two) 
as follows: 


PGo"d2c 
(4r)*R4KT BNFoL 


S/N = (6) 


where 


S/N is the IF SNR during reception of the pulse, 
P, is peak transmitted power in watts, 
Gy is antenna gain along the axis of the beam, 
d\ is wavelength, 
o is effective radar cross section of the target, 
R is range to the target, 
K is Boltzmann’s constant, 
7) is ambient temperature at the receiver in de- 
grees Kelvin, 
B is receiver bandwidth in cps, 
is operating receiver noise figure, and 
L is the total system loss, arising from atmos- 
pheric attenuation, plumbing losses, transmitter 
power outside the receiver bandwidth, and deg- 
radation of previously listed radar parameters 
from their assumed values, 
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Note that \, ¢ and R must use the same units of length, 
while Go, NF and L are dimensionless ratios. The ap- 
plicable AN/FPS-16 radar parameters in the wide- 
pulse mode are 


P, = 1.0 Mw 
Go = 44.5 db 
\ = 5.3 cm (at midband) 
B= 1,6 Me 
NF = 11 db 


L & 4 db (known loss in plumbing and duplexer). 


To calculate values of S/N to be expected at a given 
range R (in nautical miles) on a given target o (in 
square meters), a number of conversion factors must 
be applied along with the constants (47)’, K =1.37 
10-23 watts/degree/cps and 7)=291° K. By coin- 
cidence, the combined value of all conversion and other 
constants multiplies out to unity (actually 1.08) when 
d is expressed in cm, ¢ in m?, R in nautical miles, and B 
in cps. The resulting simplified form of the radar equa- 
tion can be written 


P.Go?d?o 
SN ae (7) 
R‘BNFoL 
Substituting the AN/FPS-16 radar parameters, as 
given above, we obtain 


o 
S/N = we x Ad X10 (8) 


or, in logarithmic form, 
S/N = 10 log « — 40 log R + 86.5 db (9) 


(o must be in m?, R in nautical miles). Fig. 6 is a plot of 
(9) showing the calculated SNR for various target 
cross sections as a function of range. The SNR attain- 
able using the 0.25-usec pulse and 8-Mc bandwidth, is 
almost exactly 7 db lower than values given in Fig. 6. 
Using the 0.5 usec pulse and 8 Mc bandwidth, the 
SNR is also down 7 db from Fig. 6, but the longer 
pulse provides an improvement in visibility on the 
display. If the 250 kw transmitter is used, the SNR’s 
will be reduced 6 db from the values obtained with the 
1.0 Mw transmitter under similar conditions. 


Beacon Tracking 


For beacon tracking, two separate equations de- 
scribe the ability of the radar to interrogate the beacon 
and its ability to detect and track the beacon response. 


The radar signal available at the beacon receiver is given 
by 


P1G,Gpd? 


SS), = —————_ 5 10 
nha oe 


1961 


ai ——— 
| | 


RECEIVER 
DYNAMIC RANGE LIM) 


| 


| 
[|| | . [ | | CGE os ee be L 
a 0 | 


S/N DECIBELS 


RANGE IN NAUTICAL MILES 


Fig. 6—Calculated values of SNR vs range for echo track 
for AN/FPS-16. 


where 


G, is the radar antenna gain, 

G, is the beacon antenna gain, 

lL, is one-way system loss for interrogation, and 
other symbols are as defined for (6). 


If P, is replaced by P,, the beacon transmitter power, 
and L; by Le, the one-way loss in response, the equation 
will give beacon signal available at the radar receiver. 
Then, since noise power referred to the radar receiver 
input is 


N = KT BNF), (11) 
the resulting SNR at the radar is 
a2 P»G,Gyr? 
S/N = —— - (12) 
(41) 2R2L KT BNF o 


Fig. 7 is a plot of gain margin for interrogation (defined 
as the ratio of available S, to Snin, the minimum power 
required to trigger the beacon) and SNR at the radar, for 
AN/FPS-16 radar parameters and various effective 
values of Smin and P;. The curves may be used directly 
for omnidirectional, unity-gain beacon antennas. For 
antennas with gain G,, the effective power may be 
found by the product P,G,, while effective sensitivity 
will be Sinin/ Go. 

Of the radar parameters used in these calculations, 
only \ and B can be measured directly with high ac- 
curacy. Transmitter power can be measured to within a 
fraction of a decibel using calorimetric procedures, but 
this is not done as a regular maintenance test, and at 
any given time the power may be 1 db off in either di- 
rection. Similar considerations apply to NFo, which is 
influenced by crystal aging and damage, and Go, which 
is originally calculated from beam patterns. 


II]. CURRENT DEVELOPMENT PROGRAMS 


The first major step beyond the AN/FPS-16 class of 
instrumentation radars is the AN/FPQ-6 (along with 
the transportable AN/TPQ-18). The major charac- 
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Fig. 7—Theoretical beacon tracking range AN/FPS-16. 


teristics of this radar, compared to those of the AN/FPS- 
16, are given in the Appendix. The performance is 
basically the same in tracking accuracy (with some im- 
provement in precision), but the range is extended by 
a factor of four over the AN/FPS-16. An artist’s sketch 
of the new radar is given in Fig. 8. Other than the 
new antenna and pedestal, it can be seen that the 
new radar represents a combination of the 3-Mw kly- 
stron transmitter, the digital-ranging system (extended 
to 32,000 miles), complete acquisition features, and 
updated designs for receivers, data handling and 
peripheral equipment. The AN/FPQ-6 and AN/TPQ- 
18 class of radars provides both an extension of mis- 
sile range coverage and a major step into space in- 
strumentation. Existing beacons can be tracked to the 
moon with these radars, and beacons now under de- 
velopment will provide wide safety margins in the ap- 
plication [5]. The added performance of the AN/FPQ-6 
is largely due to the new and larger antenna. A Casse- 
grainian design has been used (Fig. 9) to combine high- 
aperture efficiency, low sidelobes, short waveguide runs 
and minimum mechanical difficulty. The mechanical 
resonance is to be above 15 cps to preserve the servo- 
bandwidth capability of the AN/FPS-16. At the same 
time, the design should make possible very low antenna 
noise pickup from the surrounding ground, looking 
forward to the time when low-noise receiver pre- 
amplifiers become available. Delivery of these radars to 
the initial sites is scheduled for March, 1962, with full 
operation four months later. 


Pulse-Doppler System 


An important capability not yet exploited in opera- 
tional pulse-radar range instrumentation systems is the 
refined measurement of radial velocity through the 
Doppler effect. Search radars have used coherent MTI 
since the end of World War II, and numerous tracking 
and navigation systems have since been designed to 
select targets and perform measurements on the basis 
of Doppler shifts in the spectrum of pulsed signals. The 
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Fig. 9—Cassegrain antenna for AN/FPQ-6. 


importance of applying this technique to range instru- 
mentation stems from four major factors: 

1) Accurate three-coordinate velocity data is needed 
for impact prediction, orbit determination, probe 
guidance, etc. 

2) Accuracy of data based on conventional range and 
angle data is limited by the extreme ranges required. 

3) Solutions based upon range-only (trilateration) 
operation are effective (see discussion in a later section) 
but are limited by the precision of range measurement. 

4) Solutions based upon combined range and Doppler 
data from three-station nets will meet present and 
projected requirements for velocity data. 

Alternate approaches to solving this problem have 
been proposed using CW techniques, but the pulse- 
Doppler system possesses unique advantages: 

1) It will operate on noncooperative targets within 
the echo-range limitations of the pulsed radar. 

2) It permits a single transponder beacon to be 
shared by three or more stations on a time-multi- 
plexed basis, with each station performing a continuous 
track in all coordinates. 

3) The ground equipment consists almost entirely of 
existing radar sets. 
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4) The ground radar provides high-system gain and 
permits the system to expand and extend its range 
continuously as radar equipment is added and im- 
proved. 

5) Communications, data links and support equip- 
ment are those presently used with the radar. 

6) No critical measurement links over ground paths 
are used in three-station radar trilateration, due to the 
independent echo or beacon response to each station. 

The pulse-Doppler approach is, of course, subject to 
the same fundamental limitations on accuracy as apply 
to CW systems: uncertainty in the velocity of light, 
atmospheric refraction, stability of the basic reference 
oscillator, acceleration and higher derivative errors, and 
need for good baseline surveys. In addition, the pulsed 
system at conventional instrumentation radar-repeti- 
tion rates is very ambiguous in its Doppler readings. At 
640 pps, for instance, a C-band radar will have Doppler 
ambiguities at intervals of about 50 ft/sec, correspond- 
ing to the spacing between successive lines in the signal 
spectrum. Thus, it is necessary to measure independ- 
ently the target radial velocity with sufficient accuracy 
to define the velocity intervals being observed. For the 
case cited, a measurement of 8 ft/sec rms will give 99.7 
per cent assurance of unambiguous results, and this is 
easily within the capability of differentiated range data. 

The current development program in coherent pulse- 
Doppler instrumentation has, as a primary objective, 
the design of circuits for use with the AN/FPS-16 or 
AN/FPQ-6 to measure Doppler velocity to the order of 
0.1 ft/sec. Secondary objectives include the exploitation 
of velocity resolution for overcoming thermal noise (pre- 
detector integration), for reduction of ground clutter at 
launch, and for selection of the desired target com- 
ponent as stages are separated in multistage vehicles. 
Some additional benefits which will be derived in- 
cidentally from the coherent system modification are 
the assurance of exact transmitter and receiver fre- 
quency control (through use of ultra-stable oscillator 
and frequency synthesizer), adequate stability for wide- 
pulse, narrow-band operation on both echo and beacon 
tracks, and adaptability of both transmitter and re- 
ceiver to pulse-compression schemes such as “chirp.” 

The initial modification for velocity measurement 
will involve only the addition of a stable exciter and a 
Doppler channel to the klystron transmitter already 
available in some of the AN/FPS-16’s (see Fig. 10). 
The existing receivers, angle-tracking circuits and rang- 
ing circuits will be undisturbed, except for substitution 
of a STALO (stable local oscillator) signal from the 
exciter in place of the existing local oscillator. Ambi- 
guity resolution for the Doppler channel will be pro- 
vided by processing of range-difference data, and the 
Doppler circuit will go into operation only after a target 
has been acquired and tracked by the ranging system. 
Subsequent modification (Fig. 11) will provide narrow- 
band filters in all tracking channels to exploit the sec- 
ondary objectives mentioned above. This Doppler de- 
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Fig. 11—AN/FPS-16 velocity tracking modification. 


velopment program is now proceeding, and the stable 
exciter will be included as standard equipment with the 
klystron transmitters of the AN/FPQ-6. Coherent 
beacons are also under development. 


Other Current Modification Programs 
Going beyond the AN/FPQ-6 and the Doppler- 


measurement programs, there are several areas of 
pulsed-radar-system development which are being fol- 
lowed and which can be expected to result in later 
modifications to radars after installation in the field. 
In the antenna area, improved monopulse feeds are 
under development which will provide complete 
polarization diversity in reception and flexible control of 
transmitted polarization. Use of the Cassegrainian an- 
tenna permits the extra waveguide components to be 
added and provides a place for multiple-receiver pre- 
amplifiers near the feed assembly. Design of larger an- 
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tennas and suitable pedestals is being carried out under 
several radar and communication programs and then 
may be applied directly where economic considerations 
permit. For the larger antennas, the combination of 
equipment for two or more radar bands on a single 
pedestal and reflector becomes economical, and multi- 
band feed development is going forward. 

In the transmitter area, the most significant develop- 
ments are concerned with building up greater average 
power and pulse energy. This is done principally 
through the use of parallel klystron amplifiers with 
moderate peak-power capabilities per tube, but with 
cathodes designed for long-pulse operation. Where the 
range resolution of the present short-pulse systems 
must be preserved, pulse-compression circuits may be 
used to combine the pulse-energy advantage of the long 
pulse with the high-range resolution inherent in a wide 
spectral bandwidth. A similar advantage might be 
gained through coherent (predetector) integration of 
short pulses at high-repetition rates, but this approach 
is limited by the presence of ground clutter or other 
short-range targets, which tend to mask the desired echo 
from extended range in a multiple-time-around tracker. 

Developments in the receiver area are chiefly con- 
cerned with improved sensitivity through use of para- 
metric amplifiers and masers. Super-cooled paramps 
are under development which offer significant noise re- 
duction as compared to the present paramp design. 
Ultimately, the microwave maser will eliminate receiver 
noise as a significant contribution to system noise, leav- 
ing sky noise, antenna noise and waveguide loss as the 
limiting factors in sensitivity. These developments will 
be discussed in more detail later. 

Also under development are data-processing devices 
to match the capabilities of the new radars and to per- 
mit flexible-net operation in missile- and space-range 
applications. The details of such equipment are beyond 
the scope of this paper, but the general system require- 
ments and expected performance will be covered in a 
later section. 


III]. DEVELOPMENT OF RADAR FOR 
SPACE INSTRUMENTATION 


Basic Problems and Limitations 


Radar may be used in solution of three major prob- 
lems in space instrumentation. First, it is applicable to 
surveillance and tracking of all objects in orbit around 
the earth, using skin return or whatever cooperative de- 
vices may be available on the satellites. Second, use of 
radar or radar-type ground equipment is mandatory in 
tracking lunar and deep space probes at ranges from 
250,000 miles to the limits of the solar system, using co- 
operative transponders. Lastly, the radar astronomers 
employ radar equipment to measure directly the surface 
characteristics of the moon and planets. This discussion 
will be limited to use of tracking radar for measurement 
of position and velocity of satellites and probes and for 
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obtaining other data on these targets through reception 
of telemetering signals or analysis of signal-strength 
records. 

The limitations on radar performance in space appli- 
cations arise from two sources: the extreme range over 
which the signals must travel and the necessity of op- 
erating from beneath the atmospheric blanket which 
covers the earth. The range limitation, coupled with 
limited transponder power or reflection area of practical 
space vehicles, forces the space radar to extremes in 
transmitter power, antenna gain and receiver sensitivity 
which go far beyond past designs in radar equipment. 
The atmosphere acts directly to limit the accuracy of 
measurement, the sensitivity of the system (through 
“sky noise” contributions), and the physical size and 
configuration of antennas which must withstand the 
assaults of local weather. In addition to these two types 
of problems, there are the force of gravity which places 
mechanical limits on antenna design; the presence of 
the earth, which obstructs line of sight and radiates 
noise toward the antenna; high-voltage breakdown and 
personnel-safety limitations on generated and radiated 
power; man-made, galactic, and solar noise; and many 
practical equipment design problems. Brief summaries 
of all these limitations will be given. 


Range and Radar Parameters 


As a background for discussion, assume that the radar 
is to track by skin echo a small satellite (~1.0 m? cross 
section) in a synchronous orbit around the earth. A 
radar which achieves a single-pulse SNR of unity at 
30,000 n.m. is suitable for this task. The basic radar 
equation may be rewritten as 


PitG?)d2a | 1/4 
Ro = |S | n.m., 
NFoL 


(13) 


where Xo is the range at which unity IF SNR is achieved 
and the other terms are as used in (7), with pulse width 
7=1/B. 

From this equation, the resulting requirement on 
radar parameters for Ky) = 30,000 miles on 1.0 m? may be 
expressed as 


PitG?h?/NFoL = 8 X 101” (14) 
or, if the antenna is limited to a diameter D in feet, 
Pa DYVN Fol = 10%: CLS) 


If a minimum repetition rate f, for satisfactory acquisi- 
tion and measurement is established, the product 
P tf,= Pav specifies the average power required of the 
transmitter. Values of f, between 10 and 100 would be 
typical, depending upon the exact requirements, and 
there might be some trade-off between higher repeti- 
tion rate and reduced single-pulse S/N to perform a 
given function. 

Another measure of required radar parameters could 
be obtained by assuming transponder operation to a 500 
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million mile range, or approximately to Saturn’s orbit 
The beacon-to-radar path will normally limit range in 
such a case, due to power output limitations in the bea- 
con. The beacon equation (for the response link) is 


P4rGG,d2 


ON eee OI LU 
R?NFoL 


(16) 
for the mixed system of units used above. At a range ol 
5108 miles, for unity SNR at the radar, the beacon 
equation gives 


PitGGy2/NFoL = 5 X 10° (17) 


or, for a beacon antenna of restricted diameter D, in 
feet, 


PytGD,?/NFoL = 5.5 X 10° (independent of A). (18) 


Consider now a beacon pulse energy P,7 of 0.01 w-sec, 
and an effective antenna diameter of three feet. The 
radar requirement becomes 


G/NFoL = 6 X 10° (independent of P;and\). (19) 


In certain applications where tracks must be con- 
tinued for protracted periods, a radar reflector provides 
better performance than an active beacon (it is cer- 
tainly superior in long life and reliability). The equation 
for maximum cross section of a corner reflector is 

Ga (20) 


where a is the side length (in the same units as ¢o and 
\”). A Luneberg lens may have a cross section 


wd' 


Omax — 
where d is the diameter. If the value of Omax, for a limited 
to one meter, is used in calculation of parameters for 
30,000 n.m. echo tracking, the equation becomes 


PwG?/NF L=3.7 X10" (independent of frequency) (22) 


(for a Luneberg lens, d=3 ft and the factor is 7.410). 


Projected State-of-the-Art in Radar + 


The peak and average power capabilities of single 
transmitter tubes, past and present, are shown in Fig. 
12. Extrapolating from this into the near future, and 
taking into account the factors of equipment size and 
cost and possible use of parallel tubes, the figures of 
Table IV were arrived at as reasonable limits for the 
next generation of radar equipment in several frequency 
bands. It becomes increasingly difficult to use higher 
peak and average powers at available radar sites, and 
even the levels shown may be difficult to achieve and 
use in Some cases. 
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Advances in antenna development have proceeded 
rapidly over the years, and radio telescopes in the 250- 
to 1000-ft class have been built’or started. It appears 
possible to build antennas with directive gains approach- 
ing 80 db, at which point the atmospheric anomalies be- 
gin to limit gain. The economic aspects of tracking 
antennas impose stricter limits in most cases, however, 
and the following comparison will be based on the gen- 
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Fig. 12—Power capabilities of transmitting tubes. 
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eral features of the “Haystack Hill” class of antennas 
[6], rather than on any “ultimate” limitations. Table V 
shows the assumed diameters, efficiencies and gains 
achievable with antennas which might be used on this 
type of tracking pedestal. The beamwidth is also in- 
cluded to emphasize two points: first, that the higher- 
frequency radars must receive accurate designation 
from search radar or computation based on prior track- 
ing data and second, that the angular accuracy will be 
much better for the higher-frequency systems. 

Table VI shows the limit to antenna temperature 1m- 
posed by cosmic noise and the troposphere, disregard- 
ing sidelobe effects, and the resulting operating noise 
figure for a system using a maser. Actual sidelobe effects 
may add between 20 and 50 degrees to the input tem- 
perature. 

The data used in Table VI was derived from curves 
in [7], assuming a constant receiver system temperature 
of 10°K as would represent a practical maser and its 
input circuit. The elevation angle of 10° was chosen to 
indicate the sensitivity which could be attained over a 
substantial volume of coverage around the radar site. 
An additional loss factor L of 2 db will be assumed in 
further calculations to account for plumbing loss, filter 


Radar band UHF E S C Sys matching, and excess noise temperature at the input. 
Wavelength (cm) 75 25 12 6 311.5 Table VII shows the radar range on a target of 1.0 
Peak power (Mw) 10 25 25 10 3 | OS m2 cross section and on a corner reflector of 1.0 m side 
Average power (kw) 600 300 100 50 20 3 ; e 
Pulse energy (w-s) | 20,000 | 12,000 | 7500 | 1000 | 300] 50 length, using the radar parameters from the three pre 
Pulse width (usec) 2000 500 | 300 | 100| 100 | 100 ceding tables. It can be seen that the considerably 

higher powers available at the lower frequencies, along 
AN waNG with somewhat larger antennas, provide skin-tracking 
; ranges equal to or slightly less than the S-, C- and X-band 
ESTIMATED ANTENNA PARAMETERS : : 
radars, on noncooperative targets. On cooperative tar- 
Raderiband Waited AE: Ss C B% K gets, the higher frequencies are considerably better. On 
beacons (using the earlier assumptions) the higher fre- 
Wavelength (cm) IS 25 12 6 3 seas) ‘ 
Ant. diameter (ft) | 200 | 150 | 120 120 120 100 quencies have an even greater advantage in that the re- 
Efficiency (percent)} 50 50 50 50 50 40 duced transmitter power of the radar does not reduce 
Gain (db) 45 52 56.5 62.5 68.5 (os: ih ead oth 
BE aiddicdecree)| | 0-9 0.4) 0-24). 0,12) 0.06) 0.04 _ LHe amplitude o the response. 2 
This tabulation should not be taken as a prediction of 
“ultimate” performance possible from radar, but as an 
TABLE VI indication of the relative difficulty of achieving a partic- 
EstiMateD Input Norse (AT 10° ELEVATION) ular level of performance at different frequencies. Fur- 
: I gq 
Reet WHEL 5 C XY K thermore, as stated earlier, the search and acquisition 
—~ problem has not been covered, although it obviously 
Wavelength (cm) 75 25 12 6 3 ies ; Yat fy we 2 
Sky temp. (°K) 50 | 10 15 18 20 | 100 favors the lower frequency bands. For skin tracking, the 
Receiver temp. (°K) | 10) 10 10 10 10 10 microwave bands offer significant advantages In equip- 
Input temp. (°K) EN A ae os SR NY ment size for all targets, and greater range as well on 
NF, (db) ==7 \—12) j=—11 |—10°5 —;—10 —4.5 = Sat : 
: si corner reflectors. For beacon tracking, the earlier as- 
TABLE VII 
RADAR RANGE FoR S/N=UNItTY 
Radar band UHF Ib, S G xX IK 
Wavelength (cm) 75 25 12 6 3 LAS) 
Ro on 1.0 m? (mi) 20,000 30 ,000 30,000 27,000 28,000 22,000 
Ry on corner (mi) 60 ,000 100 ,000 120,000 140,000 220,000 200 ,000 
o of corner (m?) 6 60 250 1000 4000 16,000 
Ro on beacon (10° mi) 125 500 750. 1400 2600 2000 
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sumption of 0.01 w-sec pulse energy, independent of 
frequency, should be revised to indicate the relatively 
higher efficiency of power generation at lower frequen- 
cies. This would approximately double the range at 
UHF and cut in half the range at K band, relative to S 
band as a reference, with intermediate effects on L-, C- 
and X-band operation. Even so, the relative economy 
and effectiveness of microwave operation is obvious. 


Examples of Tracking Radar Systems for Space Research 


As examples of possible tracking radar configurations 
for use in space research, two systems will be discussed, 
one at 435 Mc and one at 5800 Mc. Both will be based 
upon the Haystack Hill class of antenna and pedestal, 
and upon currently available tubes and components or 
those under development. The full parameters of the 
two systems are shown in Table VIII, as compared with 
AN/FPS-16 and AN/FPQ-6. Obviously the step from 
AN/FPQ-6 to these proposed trackers is a much greater 
one than between the original SCR-584 and AN/FPS-16, 
or between AN/FPS-16 and AN/FPQ-6. For this rea- 
son, although antennas are now being built even bigger 
than the Haystack class, it seems probable that one or 
more intermediate steps will be implemented between 
AN/FPQ-6 and the space trackers listed in Table VIII. 
One such step is an experimental space tracker now 
under construction at the Moorestown RCA plant. Its 
characteristics are shown in the last column of Table 
Wale 

The beacons required for the ranges listed in the 
table are well within the current state of the art, but are 
not necessarily desirable items for inclusion in space 
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vehicles with small payload capacity. A 40-kw beacon 
has been described [5], which would weigh 40 Ibs and re- 
quire 150 watts of input power. This would be suitable 
for use in a lunar probe with the AN/FPQ-6, but would 
impose considerable burdens on a space probe of longer 
life, which would use solar cells as a source of prime 
power. For such vehicles, further development of 
tunnel-diode oscillators appears to offer a solution. 
Present experimental diodes have provided CW output 
powers of 0.2 mw at 5500 Mc, with efficiency of a few 
per cent [8]. In the near future, a power level of 10 mw 
appears attainable, with pulse lengths of 100 usec. 
Range on such a beacon would be one-hundredth that 
shown in Table VIII, or about 6 million miles for the 
C-band tracker. Until higher-power solid-state oscil- 
lators become available, it appears that longer response 
pulses will be necessary, accompanied by narrower-re- 
ceiver bandwidths in the radar, to achieve sufficient 
range for probes to Venus and Mars. A tunnel-diode 
beacon producing 10-mw pulses of 10 msec length 
would provide a 60-million mile range with the C-band 
tracker of Table VIII. Since the radar-ranging system 
can interpolate to within about 5 per cent of the re- 
ceived pulse width, a range precision of about forty 
miles would still be possible for independent measure- 
ments taken twenty seconds apart. More accurate data 
in the vicinity of the planet could be obtained by inter- 
mittent operation of a higher-power beacon transmitter, 
using a pulsed triode at the 100-watt level. 

For the UHF space tracker, the 5-watt beacon power 
listed is only slightly higher than now available from 
solid-state devices, and ranges of 50 million miles ap- 


TABLE VIII 
SPACE RANGE RADAR PARAMETERS 


Radar type AN/FPS-16 AN/FPQ-6 Proposed Space Trackers 
(Exp) 

Radar band G Cc UHF C G 
Radar frequency Mc 5600 5600 435 5600 5600 
Peak power Mw 1.0 RIn0) 10 10 3 
Pulse width psec 0) Dit 2000 100 5 
Repetition rate pps 1000 640 30 50 300 
Average power kw 1.0 4.5 600 50 5 
Antenna size ft 12 30 200 120 50 
Antenna gain db 44 52 45 62.5 58 
Beamwidth mils 20 8 16 2 5 
Bandwidth kcps 1600 500 ORS: 10 250 
Operating noise figure db 10 8 —7 = 10S —10 
Beacon peak power Ww 10,000 4000 5 100 2000 
Beacon av. power w 10 7 0.3 0.5 B68 
Ro: on 1.0 m? n.m 150 750 21K 27K SK 

on corner* n.m. 800 4000 26K 140K 28K 

on beacon n.m. 100K 350K 16M 11M 5.6M 

beacon, 3-ft ant. n.m. 5.6M 20M 90M 600M 300M 
Range precision T ft 5 15 60K 2000 50 
Angle precision t mils 0.2 0.1 1.0 Ql Oil 


* Based on corner reflector with side length a=1.0 m. 


L 


t Based on observation for 10 sec at S/N=unity, or for 1 sec at S/N=10. 
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pear feasible for the near future with parallel tunnel 
diodes or transistors. The over-all accuracy of range 
measurement would be comparable to the forty-mile 
figure for the microwave system. 

The tracking precision of the radars listed in Table 
VIII is shown in Figs. 13 and 14. It may be assumed that 
the angular accuracy is 0.1 mi! in all cases, and the range 
accuracy is limited to the values shown. When using 
beacons, a serious limitation to be overcome is the un- 
certainty in the vacuum velocity of light. This can be 
relieved if the velocity is defined in terms of a molecu- 
lar standard [9] rather than by the meter bar and the 
sidereal second. 
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Fig. 14—Range precision and accuracy vs range. 


IV. System APPLICATIONS OF INSTRUMENTATION 
RADAR TO SPACE RANGE, ANGLE AND 
RATE MEASUREMENTS 


The precision and accuracy attained in modern mon- 
opulse radars has already been discussed. In space track- 
ing applications, the most important sources of error 
will usually be receiver noise (at long ranges), atmos- 
pheric propagation effects, knowledge of the velocity 
of light, and systematic errors due to deformation of the 
large antennas used. Precision figures given in Table 
VIII were based upon tracking at the maximum range 
of the radar (S/N&unity), with thermal noise as the 
sole important source of error. In the case of angle 
tracking, the thermal noise equation from Table III 
was used with an equivalent servo-noise bandwidth 
B, =4t) where ty is the observation time. An equivalent 
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formula for range precision is 


T Ts 


(23) 


"VIB S/N) VV 2tof-(5/N) 


Here, rt is the range equivalent of the pulse time (1 
usec =500 feet) and the other symbols are as used 
earlier. The equation assumes a matched system 
Br=unity), but may be extended to systems using 
short-rise time or pulse compression by substituting 
for t the reciprocal of the actual system bandwidth 
used by the transmitted signal and passed by the re- 
ceiver. (See [10] for a rigorous derivation and detailed 
discussion. ) 

Although there may be other sources of error in the 
system, a good estimate of error in angle or range rate, 
derived from radar-position data, may be obtained by 
considering thermal noise alone. As an approximation, 
if the position data taken over time tp) has a standard 
deviation oy, the velocity error will be 


V3 op 
to 


(a 


oy (24) 
This equation assumes that the velocity is determined 
by fitting several raw position readings to a straight line 
(for a constant-velocity target) or to a line of known 
curvature (for a target with known acceleration). The 
equations for angle and range rates become 


V36 
C23 = SS (25) 
2Vlo*f (S/N) 
Oe = PRES te ¢ (26) 


As an example, for the proposed C-band space tracker 
at maximum range and for tp =10 seconds, the angle- 
velocity error would be 0.017 mil/sec (17 murad/sec), 
while the radial-velocity error would be 380 ft/sec 
without pulse compression or Doppler measurement. 

If radial velocity is measured by observing Doppler 
shift, much better results are obtained. A relatively 
crude method involves use of a discriminator system at 
IF to measure shift of the envelope of the spectrum 
(noncoherent or single-pulse Doppler measurement). 
In this case, the frequency error is 


B 8 
~ AS/N)G/B) — -/ 2tof (SPN) 


Applied to the long-pulse UHF tracker, this would yield 
a Doppler accuracy of 20 cps (corresponding to 23 ft/ 
sec) at maximum range for fp)=10 seconds. For the 
C-band tracker, the accuracy would be 316 cps, cor- 
responding to 26 ft/sec. If the system is operated co- 
herently, maintaining consistent phase from pulse to 
pulse, measurements to within 1 cps are readily achieved, 
at the expense of ambiguities at the radar-repetition 


(27) 


Chi 
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rate. In the C-band tracker, these ambiguities would be 
at intervals of 4 ft/sec, and would require that velocity 
be measured to within about one ft/sec before the 
“Vernier” Doppler measurement could be interpreted. 
This would require about 100 seconds tracking, with 
the parameters listed, but at the end of that time, the 
Doppler system would provide data to about 0.1 ft/sec 
accuracy with independent readings every one second, 


Long-Are Measurements 


In position or velocity measurements made over long 
intervals of time fo, the importance of thermal-noise 
errors is reduced, and some of the other terms begin to 
influence results. The atmospheric terms and other 
fixed or slowly-varying errors put limits on both accu- 
racy and precision of measurement, and (23)—(27) 
should be used with great caution for values of fo beyond 
a minute. In addition, the assumptions as to constant 
velocity in radar coordinates or known acceleration in 
any coordinate system may not hold to the desired ac- 
curacy. There are cases, however, where a long series 
of measurements can yield estimates of target motion 
far better than those obtained from brief periods of 
tracking. Generally, in cases where the laws of motion 
of the target can be specified exactly, the accuracy of 
position measurement in all three coordinates can be 
made to approach that of the best measured coordinate. 
For example, results on a ballistic missile track of 300 
seconds duration have been reported [11] where the rms 
error in azimuth and elevation data is reduced from 
0.01° to 0.0015° (corresponding to reduction in space 
position error from about 650 to 100 ft) by properly 
matching the raw data to a set of orbital elements. Ac- 
curacy at the midpoint of the track is considerably bet- 
vers: 

In measurement of orbital elements of satellites, the 
same reference shows the results of a 50-second track on 
Sputnik II, using the AN/FPS-16 (see Table IX). The 
observed elements agree remarkably well with those 
given by the Smithsonian Astrophysical Observatory, 
and are, for the most part, well within the expected 
variations of the short-term or osculating elements 
from those averaged over extended periods. In this case, 
the tracking arc was relatively short and the observed 
range data could be fit within 10 ft rms by the calcu- 
lated elements. Over longer arcs, the effectiveness of 
this method improves markedly. The limiting case is 
represented by space-probe tracking, where tracks over 
eight to ten hour periods can be matched to orbital ele- 
ments involving other bodies in the solar system. In 
such cases, the position accuracy will be determined al- 
most entirely by the range-bias errors in the system 
and the knowledge of the equations governing motion 
of the space vehicle. For this reason, the use of pulse- 
compression systems to refine precision of range meas- 
urement may not be warranted in space tracking, unless 
extremely long pulses (milliseconds or seconds in dura- 
tion) are used. 
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TABLE IX 
1957 BETA ONE (SPUTNIK II) ON FEB. 4, 1958 


Derived from SO Derived from 


Element Special Rept. No. 13 Radar Data 

Semi-major axis @, in 

earth radii 1.106790 1.1070834 
Eccentricity, é 0.057406 0 .068222497 
Inclination 7, in de- 

grees 65.29 65 .216535 
Node, in degrees PAO lls PV ASLO 
Argument perigee, in 

degrees 20.09 21 .564365 


Time perigee, in 
hours, min., sec 
Nodal period P, sec 
Time of Node 7, hrs, 

min, sec 
Range residual, 
rms, in ft 
Elevation residual, 
rms, degrees 
Azimuth residual, 
rms, degrees 


1143419852149 UT 
5904.31 


11433"57*.0240 UT 
5902 . 84 


11729”82.8454 UT 117297-9*< 019 Uy 


9.9687 
0.02288 


0.02238 


In discussing space-tracking systems. operating over 
minutes or hours in measuring orbits, it is important to 
distinguish between those which provide immediate or 
“real-time” data and long-arc systems. The latter are 
good for evaluating orbital constants, but cannot pro- 
vide data for closed-loop guidance and control systems 
in the usual sense. An error which builds up during the 
track can be sensed, but the extent of the correction ap- 
plied by added thrust will not be measured until long 
after the thrust is applied. The errors in “real-time” 
measurement may be higher, except for radial position 
and velocity, but the control thrust may be sensed 
within seconds or fractions of a second, and the control 
loop closed within this time. As objects get farther into 
space, the delay in propagation introduces a time lag 
which cannot be overcome, and the definition of real- 
time needs revision. It can be assumed that the time fo 
allowed for measurement can approach the range delay 
time t,=2R/c without compromising system perform- 
ance in any important respect. 


Range and Doppler Trilateration 


The inherent accuracy of radial measurements using 
pulsed radar can best be exploited in long-range trajec- 
tory and orbital problems by combining data from three 
widely-separated radar stations. Each radar makes an 
independent measurement of range, Doppler, or both, 
using the reflected echo or the transponder if one is 
available. Since each range measurement is completed 
over the path from one station to the target, no high- 
performance ground communication links are required 
and propogation errors are minimized. Having made 
the measurement and placed it in digital form with a 
time tag attached to represent the mid-point or end of 
the measurement period ¢, the range or Doppler- 
velocity data may be transmitted without distortion to 
a central point. Here it is combined with data from at 
least two other stations to provide complete three-co- 
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ordinate output data. Azimuth and elevation data may 
be carried along for use at short tracking ranges or in 
case one station’s range data is dost. 

The error involved in three-station trilateration 
measurements can be calculated exactly if the indi- 
vidual station range errors and the over-all station and 
target geometry are known. However, the range errors 
are known only statistically, and the expected rms 
error can only be estimated to within a factor of two for 
practical systems. It is therefore useful to use approxi- 
mate methods of evaluating system error and neglect 
the finer points of analysis involved in the rigorous 
studies on the subject. A two-dimensional case will be 
discussed and extended to three-dimensional systems 
by simple geometrical operations. Fig. 15 shows the 
geometry of the basic measurement for the conventional 
radar case and for the trilateration case with target 
range several times the baseline length. The approxi- 
mate errors in x and y may be expressed in terms of 
components due to range, range difference, angle and 
station survey error as shown in Table X. It is assumed 
that the survey error o, applies to both x and y co- 
ordinates of the station with respect to the reference 
system, so that the baseline length is in error by 
OrsozvV/20;, its center by g,/./2, and its orientation 
(with respect to 6=0) by o,,/B. Since there may be 
systematic errors present in both range and station sur- 
vey, which are the same at both stations, the difference 
terms o4, and oq, are introduced to represent the uncor- 
related portions of these errors. 

It can be seen that the trilateration case is equivalent 
to a range-angle measurement with a system-range error 
equal to 1//2 times that of the individual station, and 
a system-angle error in radians equal to 1/B’ times the 
error in range difference, where B’=B cos @ is the pro- 
jected length of the baseline normal to the direction of 
the target. If the range and station survey errors at the 
two stations are independent, then the error com- 
ponents are approximately as follows (for 60): 


Component x error y error 
R 2 R V/2 R tan 0 
cae On — o, tan 
ange error o; Vv B’ re 
ik Fig 
Station error os /2 3 V2 3” tan 6 


Similar relationships apply between radial velocity 
measurements and x and y components of velocity, if 
the position triangle is already known. 

The tracking-error curves (Figs. 13 and 14) provide 
most of the data needed for calculating performance of 
the several systems discussed. As an initial example, 
assume that two AN/FPQ-6 radars are operated witha 
separation of 50 miles. The equivalent system-angle 
accuracy (for targets nearly at right angles to the base- 
line) will be 14 ft/300,000 ft, or about 50 prad (0.05 
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STATION | 


(a) (b) 


Fig. 15—Geometry of measurements in two dimensions. (a) Con- 
ventional radar solution. (b) Trilateration solution. 


TABLE X 
COMPARISON OF ERROR COMPONENTS 
Component “ error y error 
Radar case 
Range error o, Or sin 0 or COS 0 
Angle error o¢ Rog cos 0 Rog sin 6 
Station error o; Os Os 
Trilateralion case 
Gr or 
Range error o, ——= SN) = COSEG, 
WD) V2 
, R 
Range difference error o,;, po — oa, tan 0 
Station error os o3/V/2 o3/V2 
: ‘ R R 
Station difference error 3B OAs 3 cas tan 6 


Assumptions: 
R>B 
gs represents equal but uncorrelated errors in the x and y co- 
ordinates, @ in radians, 
o, equal for two stations. 


mil), and the system precision about 10 wrad. This is no 
better than the performance of the same radars as 
range-angle trackers. If coherent Doppler measure- 
ments are made, the angular velocity component may 
be measured to o,/B=0.14/300,000, or about 0.5 
urad/sec. This is a good deal better than the perform- 
ance with differentiated angle data, unless smoothed 
over many seconds of track. 

For longer ranges when beacons or long-range echo 
trackers are used, the baseline should be extended to 
approach the diameter of the earth. A practical limit 
may be set at about 5000 miles. The predominant sys- 
tematic error, using any but the UHF radar, will now be 
in station survey, and may amount to about 100 ft 
using present mapping procedures. The equivalent angle 
accuracy of the system would therefore be 140/30,000,000 
ft, or about 5 wrad. Better position accuracy will be 
available as mapping techniques are improved. For- 
tunately, the Doppler measurement accuracy will not 
be degraded and will approach 0.005 urad/sec for dis- 
tant targets. At the range of the moon, this would give 
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an accuracy of about six ft/sec in a direction normal to 
the radar line of sight with a measurement time of one 
second or less. 

The approximate triangulation errors given for two- 
dimensional operation are readily extended to three 
dimensions, where a third station is available and re- 
moved from the baseline which joins the first two. A 
simple, approximate way of estimating the results in 
the third coordinate is to establish a reference plane 
through the third station and the target and normal to 
the plane which includes the first baseline B; and the 
target (Fig. 16). The second baseline B, may then be 
drawn at right angles to the first, connecting the third 
station with an effective station which represents the 
combined measurement of the original pair. The z-axis 
error components may then be estimated as the range- 
difference and station-difference errors multiplied by 
R/(Bz cos 6) where @ is the angle between the target and 
the normal at the midpoint of Bg. 


Oya oAr 
eS ~ Ey, 5 
STATION | 
STATION 3 


Fig. 16—Extension of trilateration solution to three dimensions. 


Target Identification 


Before leaving the discussion of radar applications in 
space tracking, mention should be made of the ability 
of tracking radar to provide information on target size, 
shape and motion. Given a record of echo-signal strength 
taken over a period of a minute or more, it has proven 
possible to measure, in certain cases, the gross dimen- 
sions and the rate and axis of rotation of targets moving 
through space. Those objects which rotate with periods 
shorter than the track duration are easiest to evaluate, 
but stabilized or slowly-tumbling objects may also be 
measured if long tracks or repeated tracks several 
hours apart are available. 

The general procedure for 
strength record is as follows: 


analyzing a_ signal- 


1) Major features in the record are selected and 
checked for periodicity. 

2) Using a crude estimate of target shape, the signal 
strength and tracking coordinate data are an- 
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alyzed to relate time to aspect angle, based on an 
observed constant tumbling rate modified by 
radar-target geometry. 

3) The aspect-angle data is used to establish the 
widths and separation of lobes in the signal- 
strength record, and from this information certain 
dimensions of the object are estimated. 

4) Absolute cross-section data is used to estimate 
other dimensions of the object. 

5) All data is reviewed in detail and checked against 
possible models of the target and its rotational 
motion to refine the model and establish a con- 
sistent explanation for the observed  signal- 
strength variation. 


The relationships in Table XI show the major echo 
characteristics of simple shapes. The apflication to 
actual UHF and C-band tracking data on Sputnik II is 
given in [12] and [13]. 

Fig. 17 shows the UHF crcss-section plot against 
time, with an aspect angle scale applied. The major fea- 
tures identified by letter correspond to the following: 


A) Major lobe, width 2A,=1.8°, peak o,=250 m/?, 
indicating a length L, =70 ft. 

B) Repetitive lobing, width A,=1.0°, peak o,=30 

' m2, indicating two equal-amplitude, broad-lobed 

reflecting elements with peak reflectivity 30° off 

‘mainlobe, separated by L, = 63 ft. 

C) Shoulders on mainlobe, width A, between 1.0 and 

t 4.0°, peak o,=50 m?, indicating two or more ele- 

ments separated by L, between 16 and 63 ft. 

D) Lobes early in record, widths Ag between 1.0 and 
4.0°, peak og =25 m?, indicating two or more ele- 
ments with peak reflectivity 30° from mainlobe 
and separated by La between 16 and 63 ft. 

E) Lobes late in record, width A,=10°, peak ¢,=10 
m”, representing extension of one element of the 
B pattern beyond the other, and corresponding to 
a length L, of about 6 ft. 


Fig. 18 shows a model which would explain these five 
features, with two major areas of reflection plus a small 
corner reflector at one end of a 70-ft object. Detailed 
discussions of the basis for this model are given in the 
references. Although target descriptions from radar data 
are necessarily uncertain and approximate, they are 
available at any tracking range and may offer data not 
otherwise available by any means. Similar procedures 
for evaluating target motion from transponder or 
telemetry signal strength records are described in [14]. 


V. COMPARISON OF RADAR WITH OTHER 
INSTRUMENTATION SYSTEMS 


Classification of Systems 


Before discussing in detail any of the systems which 
share with radar the field of trajectory measurement, it 
is useful to consider in general the various methods of 
position measurement, and to classify systems with 
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TABLE XI 
EcHO CHARACTERISTICS OF SIMPLE SHAPES 
Major oe Number of 
Shape Omax width 2A lobes | 7 
Sphere mr 2a 1 ar 
4 

Ellipsoid 7a? ~ Re 2 ue 

a a2 
Dipole 0.9)2 Ug 3) Null 

QnrL? 3 
Cylinder sales ae ot Null 
nN 1b nN 
4a A2 
Flat plate eek BS ah. Null 
2 16. ON 
vy : 
Corner —qT oe " 1 
an — 4 — 
reflector | 
+4 flat plate lobes 

co 
(my 


read 
Alva pay 4 


yeas 
yee 


iii Sas 
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Fig. 17—Comparison of Sputnik II reflection with corner reflector. 
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Fig. 18—Location of reflecting surfaces on Sputnik IT. 
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respect to their major characteristics will serve to dis- 
tinguish between major types of measurement systems: 


1) Frequency: optical, microwave, or radio. (Infra- 
red and sonic will not be discussed here, and a 
division between radio and microwave at about 
1000 Me will be used for convenience.) 

2) Coordinate Measured: angle, range, or a com- 
bination of both. 

3) Field of View: wide (fixed field) or narrow (track- 
ing) angular field of view. 

4) Sensitivity to Motion: position sensitive, velocity 
sensitive, or combination of both. 

5) Signal Source: passive system (receives from tar- 
get, no transmission) or active (transmits and re- 
ceives reply). 


With the characteristics given above, there are 108 
possible combinations that could be considered, but 
only 15 of these are of immediate interest. The remain- 
ing 93 systems can be excluded for various reasons 
(such as optical systems sensing velocity directly, which 
are of value to astronomy but too coarse for missile 
instrumentation). In some cases, the rejected combina- 
tions (such as optical ranging systems) appear to merit 
further investigation for possible future use, but such 
considerations are beyond the scope of this paper. The 
15 systems chosen for comparison are shown in Table 
XII. Here the five major characteristics are related to 
practical applications, with specific systems (e.g., 
AZUSA) given as examples of the technique applicable. 


Characteristics of Various Systems 


Whenever a choice is made for one of the major char- 
acteristics, certain advantages and disadvantages must 
follow. Tables XIII through XVII outline the chief 
consequences of choosing among the optional charac- 
teristics discussed above. The “right” choice for a par- 
ticular situation (or choices where more than one sys- 
tem will be used) could be made by assigning a weight- 
ing factor to each point given and looking for the sys- 
tem with maximum positive score. No attempt will be 
made here to assign such factors, but some of the points 
on which specific information is available will be dis- 
cussed in more detail and present systems compared in 
the light of this information. 


Propagation Limitations 

A tremendous amount of material has been published 
on the subject of propagation errors and their effects on 
instrumentation. A survey of much of this material 
leads to the following conclusions (see [4], [15] and 
[16] for more detailed discussion and bibliography) : 

1) Instruments operating over paths longer than 10 
miles may make measurements to an accuracy of about 
0.05 mil or 2 ft, provided corrections are made for local 
surface conditions. 
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TABLE XII 


CLASSIFICATION OF FEASIBLE INSTRUMENTATION SYSTEMS 
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Frequency Coordinate Field of view | Sensitivity to motion | Signal source System example 
Optical Angle Narrow Position Passive Tracking Theodolite 
Optical Angle Wide Position Passive Plate Camera : 
Microwave Angle Narrow Position Passive Radar Theodolite ; 
Microwave Angle Wide Position Passive (Angle portion of AZUSA) 
Microwave Range Narrow Position Active (Use of 3 radars for ranging) 
Microwave Range Wide Position Active MIRAN 
Microwave Combination Narrow Position Active Tracking Radar 
Microwave Combination Wide Position Active AZUSA : 
Microwave Combination Narrow Combination Active Doppler Tracking Radar 
Microwave Combination Wide Combination Active (Certain guidance systems ) 
Radio Angle Wide Position Passive COTAR (angles only) ; 
Radio Range Wide Position Active DME, LORAN, COTAR (ranging) 
Radio Range Wide Velocity Active DOVAP 
Radio Range Wide Combination Active DORAN 
Radio Combination Wide Position Active COTAR (complete) 
TABLE XIII TABLE XIV 
CHOICE OF FREQUENCY CHOICE OF COORDINATES TO BE MEASURED 
Choice Advantages Disadvantages Choice Advantages Disadvantages 
Optical Small, simple equipment Limited range Angle tri- Passive system may be | Geometrical dilution | 
High component reliability | Weather limited angulation used 2 or more stations required 
Proven techniques Film processing and read- Simple equipment Precise timing required 
No frequency allocation ing are time consuming Data reduction requires 
problems and require additional complex processes which 
Attitude and event data manpower are time-consuming and 
available No range data available costly in manpower and 
High resolution machine capacity 
Microwave | Medium resolution Large complex equip- Range tri- Small antennas may be | Geometrical dilution 
All-weather use ment lateration used 3 or more stations required 
No ionospheric effect Relatively new _ tech- No mechanical tracking | Precise timing and wide- 
Frequencies available niques used required band communications 
Range data available Minimum propagation may be required 
Long-range capability error Data reduction problem 
Data in electrical form (as with angle triangula- 
Small missile antennas tion ) 
Transponder required 
Radio Relatively small, simple | Poor resolution 
and reliable Ionospheric effects Combination | Only one station Equipment is often larger 
All-weather use Frequency allocation dif- range plus | No precise timing or un- and more complex than 
Range data available ficult angle usual communications required for angle meas- 
Long-range capability New techniques used No geometrical dilution urement alone 
Data in electrical form Missile antenna problems except vs range 
Simple reduction 
TABLE XV 
CHOICE OF FIELD OF VIEW TABLE XVI 
Choice Advantages Disadvantages CHOICE OF SENSITIVITY To MoTION 
Narrow _ High resolution _ Precise mount required Choice Advantages Disadvantages 
(tracking) | High antenna gain or | Servo noise and _ tracking 
magnification errors present Position Continuous data not nec-| Relatively poor velocity 
Less interference sensing essary . data 
Less multipath problems Simple recording 
Shaft data may be in 
electrical form Velocity Velocity data good Continuous data necessary 
i E 5 : : sensing to integrate position 
Wide Mechanically simple | Antenna gain or magnifi- (radial) Combe trecotitn or inte- 
(fixed) No tracking or sevo noise cation is low : gration device needed 
No resolution in angle 3 or more stations (to get 
(electronic system) all components) 
Susceptible to interference 
Multipath problem (elec- | Combination} Good velocity (radial) Complex system 
_tronic system) _ Good position without | 3 stations needed to get 
Film or plate reading (op- necessity for continu- good velocity in all com- 
tical system) ous data ponents 
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TABLE XVII 
CHOICE OF SIGNAL SOURCE 


Choice Advantages Disadvantages 
Passive _ Simple Source of radiation in 
(receiving only)| Low-power consump- target required 
tion Accurate range or Dop- 
pler-velocity data not 
available 
RELIVE fp Range data available | More complex 
(transmitsand | Doppler velocity data High power required for 
receives available long range if radar is 
response) May also operate with- used without beacon 


out transponder 


2) Overdetermination by several independent instru- 
ments can be used to reduce this propagation error still 
further. 

3) Operating frequencies above 1000 Me are required 
to assure 0.1 mil and 100-ft accuracy for targets in or 
beyond the ionosphere. Errors increase with decreasing 
frequency, and systems operating at or below 100 Mc 
are subject to errors of the order of one part per thou- 
sand for targets above 50 miles. 

4) Only systems operating between 1000 and 6000 
Mc can be considered for all-weather operation at 
ranges extending from 10 miles to beyond 100 miles. 

The limitations imposed by tropospheric attenuation 
and ionospheric refraction are summarized in Fig. 19, 
which shows the frequency bands usable for precise 
instrumentation in various altitude regions under day- 
time and nighttime ionospheric conditions. Critical fre- 
quency (the frequency at which total reflection occurs 
even at normal incidence) is a function of electron den- 
sity. The refractive-index change is proportional to the 
square of the ratio of critical frequency to operating fre- 
quency. Shown in Fig. 19 are typical values of critical 
frequency in each ionospheric layer and the operating 
frequency band satisfactory for operation within or 
beyond each layer. The criterion used was that the re- 
fractive-index change (i.e., the error in incremental 
position measurement) should not exceed 100 parts per 
million. This criterion, together with an upper limit of 
10,000 Mc due to tropospheric absorption and a maxi- 
mum critical frequency of 10-14 Mc, defines an operat- 
ing band of 1000 to 10,000 Mc for long-range precision 
systems. If the refractive-index change is to be limited 
to 10 parts per million, the usable frequency band is 
restricted to 3000 to 10,000 Mc. For operation at low 
altitudes and/or at night, the lower-frequency limits 
can be reduced to the extent shown in Fig. 19. 

Unpredictable variations in propagation conditions 
set the ultimate limit to both antenna gain and meas- 
urement accuracy. The equation derived by Muchmore 
and Wheelon [16] and verified approximately by ex- 
periments over short tropospheric paths (ila |, 
gives the mean square phase variation in propagation 
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Fig. 19—Frequencies usable for precise instrumentation 
through ionosphere. 


through the atmosphere as 


__ = Sx Eo LEAN)? K 107? 


a? 
Neg 


(28) 


IIe 


where Ly is the scale length of the propagation anomalies 
and (AN)? is the mean square anomaly in WN units, or 
units of (7—1) X10° where 1 is the refractive index. For 
the ionosphere, Colin [19] has rewritten (28) in the form 
5 ee 1ALX? eS 


2 
Nie Ne oe 


ay = 


where X,, is the plasma wavelength, NV, the ionospheric- 
electron density, and AN, the variation in electron 
density. Typical values listed by Colin are 


Troposphere Ionosphere 
Lo 200 ft 5 km 
(occasionally 100 km) 
L (vertical ray) 20,000 ft 65 km 
(AN)? (clear day) On25 — 
(AN./N.)? aes SpellOme 


leading to the following values for vertical paths: 


ee oe o<LOSs ; 

a? = Tan (tropospheric) (30) 
and 

ae = 2.51 10-4? ~— (ionospheric), (31) 


where is in cm. At elevations near 10°, the mean- 
square-tropospheric component will be six times as 
great and the ionospheric perhaps four times as great. 
For cloudy conditions, (AN?) and Lo may each reach 
1000, increasing (a,)? by a factor of 20,000. The resulting 
values of two-way phase variation, converted to equiva- 
lent range variation a, in feet, are shown in Fig. 20. 
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Fig. 20—Range error due to atmospheric fluctuations. 


Note that the ionospheric component is appreciable, 
even at C band, and that the worst case (cumulus 
clouds or thunder storms) causes errors of about one- 
half foot at all frequencies. These results are particularly 
important in error analysis of baseline systems, as they 
set a lower limit an error which is independent of the 
instrumental precision of the system. Since tropospheric 
errors will be essentially uncorrelated over paths sep- 
arated several hundred feet in clear air or several 
thousand feet under cloudy conditions, the errors shown 
in Fig. 20 may be considered lower limits to o, or 
Gar x/2.in Dable Xx: Ionospheric errors will be uncor- 
related for paths spaced tens of miles apart, and will, 
therefore, affect baseline systems longer than a few 
miles. In addition to the effects listed, there may be 
large-amplitude irregularities of very long scale length 
in both ionosphere and troposphere which will become 
important where data is smoothed over long tracking 
periods. The lower limits of error for various baseline 
lengths are shown in Table XVIII, with the unsmoothed 
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Doppler velocity errors based upon an assumed drift 
rate of 50 ft/sec for tropospheric anomalies and 1000 
ft/sec for ionospheric anomalies (average error periods 
between 4 sec and 20 sec for both troposphere and 
ionosphere). It is clear that disturbed conditions of 
either portion of the atmosphere will drastically affect 
any of the systems discussed. Only the use of a very 
long baseline and a frequency above 3000 Mc can pro- 
vide velocity accuracies approaching one ft/sec in all 
coordinates at 20,000 miles range. 


Factors Favoring Pulsed Radar 


The foregoing discussion indicates that pulsed radar 
should be useful in space-range instrumentation, at 
least to the same extent that it serves the existing mis- 
sile ranges. In space work, the use of large, high-gain 
antennas is mandatory, and at present, the only suit- 
able antennas are of the tracking type. The requirement 
for low-input noise favors the continued use of such an- 
tennas, which require only one maser amplifier (three 
for monopulse systems) as contrasted with multiple 
amplifiers for the low-noise electronic-scan types. The 
required reflector tolerance and pointing accuracy for 
achieving high gain necessitates the same mechanical 
design techniques which have been used in the past for 
precision-tracking radars. Several such radars deployed 
on two- to four-thousand mile baselines can outperform 
any of the other schemes described for position and 
velocity measurements at long range. 


Applications Unfavorable to Pulsed Radar 


There remain certain applications and requirements 
in missile and space instrumentation for which pulsed 
radars are not well suited. At launch, there is a need for 
very accurate tracking on a well-defined portion of the 
missile, not subject to disturbing effects of ground re- 


TABLE XVIII 
TypicaL VELocity Errors DUE To ATMOSPHERIC FLUCTUATION 


Standard Deviation in lateral velocity 
AN bse Baseline o9(urad/sec) Equivalent linear vel error (ft/sec) 
: 1000 mi g 2 i og 
aie ieee mi range 0,000 mi range 
L band C band L band C band 
Clear, normal 1 4.0 0.35 25 
ionosphere, 10 0.7 0.035 4.2 0.9 * 2 
90° elevation 100 0.07 0.0035 0.42 0.02 8.4 0.4 
1000 0.007 0.00035 0.042 0.002 0.84 0.04 
Clear, normal 1 8.0 fret 
ionosphere, 10 ie (0), i147 os 4 es ye a 
10° elevation 100 0.14 0.011 0.84 0.07 17 1.4 
100) 0.014 0.0011 0.084 0.007 Woff 0.14 
Clear, disturbed 1 B56) il ait 
ionosphere, 10 Bu Oral 30 3 6 ne a 
10° elevation 100 0.6 0.02 3.5 5 
ite ee nerd : Oe itil 70 DD 
: .002 0.35 0.011 ea) O22 
Cloudy, normal 1 100 100 
ionosphere, 10 10 10 a oe Boas Tepe 
10° elevation 100 iL ail 1 6.5 6.0 a 19 
: = 1000 0.11 0.1 0.65 0.6 13 12 


Note: Velocity error based on use of any smoothing time 


less than fluctuation period of atmosphere, 4-20 sec. 
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flections, clutter or glint. Optical and infra-red devices 
appear advantageous here. During powered flight, exact 
measurement of attitude and roll, to the order of one 
degree in angle, requires optical measurement. Through- 
out the flight, wide-bandwidth command and telemetry 
channels are used, which do not lend themselves to use 
of the low-rate pulsed carrier provided by the radar. Al- 
though the radar antenna may provide a_ high-gain 
transmission path to the vehicle, separate antennas have 
the advantage of reducing mutual interference. Further- 
more, the relative ease with which low-power solid-state 
CW oscillators can be designed is favorable to use of 
command, telemetry and measurement systems operat- 
ing on the CW carrier. With the present state of the art, 
and in cases where vehicle weight is of extreme im- 
portance, it may well prove more economical to build 
duplicate ground antennas for separated CW transmit- 
ter and receivers. 

Ultimately, however, the inherent flexibility and 
economy of the pulsed radar should make it a prime 
instrument for space research in passive and active 
tracking of vehicles and active probing of the surfaces 
of planets. 


APPENDIX 
CoMPARISON OF AN/FPS-16 AND 
AN/FPQ-6 PARAMETERS 


AN/FPS-16 
Tie 


AN/FPOQ-6 


Antenna size 29-ft Cassegrainian 


Antenna feed 4-horn monopulse 5-horn monopulse 


Antenna beamwidth 12? 0.4° 
Antenna gain 44 db 51 db 
Antenna polarization Vertical Vertical, circular 
Pedestal drive Electric Hydraulic 
Antenna-pedestal rota- Continuous Continuous 
tion-azimuth elevation —10° to +190° —2° to +182° 
Antenna-pedestal weight 16,000 lbs 60,000 lbs 
Azimuth bearing Ball Hydrostatic 
Angle-servo bandwidth 0.25 to 5 cps 0.5 to 5 cps 
Angle-tracking rate- 40°/sec 28°/sec 
azimuth elevation 30°/sec 28°/sec 


Angle-tracking precision 0.1 mil rms 0.05 mil rms 
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Range-tracking capability 500 nautical miles 


Range-tracking granularity 1 yd 


Acquisition features 


Output—range 


Output—angle 


Scan generator 
variable rep. 
rates 


20-bit 2-speed_ bi- 
nary, de analog 
pot 


17-bit 2-speed bi- 
nary 
16:1 speed synchros 
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32,000 nautical miles 
Continuous unam- 
biguous 


2 yds 


Scan generator 
Video integrator 
“C” scope and joy 
stick 
Pulse-coding capa- 
bility 
“Aux-track” 
Multiple-gate array 
Digital-ranging 
system 


25-bit single-speed 
binary 


19-bit binary with 
8-bit dynamic 
lag correction 


Frequency 5400-5900 Mc 5400-5900 Mc 
Power output-fixed 1 Mw 
tunable 1 Mw 3 Mw 
Pulse-repetition frequency Various 341-1707 160-640 basic, 1707 
RES max 
Pulse duration 1,4, 1 usec 1/4, 1 and 2.4 usec 


Pulse coding 


Receiver noise figure 
Receiver IF 


Receiver bandwidth 


Receiver dynamic range 


Up to 5 pulses with 
duty cycle limits 


11 db 
30 Mc 


Switch with pulse 
width 


93 db with S.T.C. 


Up to 5 pulses with 
duty cycle limits 


8 db 
30 Mc 


12255 to 
width 


1.6/pulse 


110 db with pro- 


gramming 


16:1 speed synchros 
Sine-cosine pots 


Sine-cosine pots 
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Effects of Atmospheric Turbulence on Optical Instrumentation * 


R. A. BECKERt 


Summary—The results of research on optical turbulence at 
White Sands Missile Range are presented. It has been shown that 
elevating camera stations 33 feet above ground level can yield nearly 
a threefold increase in optical resolution during periods of atmos- 
pheric turbulence. Early research postulated the existence of thermal- 
induced air lenses as the cause of optical-turbulence effects. Recent 
research has shown that air lenses can account for most of the ob- 
served effects. The “prism” concept of turbulence appears to be un- 
necessary for explaining turbulence-induced image motion. 

The dependence of the optical effects of turbulence upon exposure 
time and aperture size are discussed qualitatively. The source of 
optical turbulence in the atmosphere and a method of measuring the 
turbulence-generating potential of various terrain surfaces are de- 
scribed on the basis of micrometeorology. 

This research has been limited to an investigation of optical 
turbulence during the period from sunrise to sunset. However, many 
of the results apply to the nighttime turbulence encountered by 
astronomers. 


Il. INTRODUCTION 


FFORTS to take advantage of the excellent in- 
kK formation capacity of optical instrumentation 

are often frustrated by the presence of optical 
turbulence in the lower atmosphere. A photographic 
telescope with a system capability for 40 lines/mm 
resolution may yield only one-fifth that resolution in 
the field, especially during midday operation. Further- 
more, turbulence-induced random motions of the optical 
image dilute the accuracy of pointing data sought from 
the optical instrument. These motions observed in the 
focal plane amount to apparent angular displacement 
of the target in object space. The amplitudes of these 
apparent displacements, in extreme cases, may run as 
high as 0.5 minute of arc. 

The optical effects of atmospheric turbulence have 
been observed as long as Man has noticed the twinkling 
of stars. Over the centuries astronomers have had to 
contend with dancing and blurred images when the 
“seeing” was poor. However, serious investigation of 
optical turbulence in the atmosphere during daylight 
hours has been conducted only during the past two 
decades. Nearly all of this recent work has resulted from 
optical instrumentation problems associated with mis- 
sile flight testing. 


II. EARLY RESEARCH AT WHITE SANDS 
MISSILE RANGE 


It was observed during the early years of long-range 
missile photography at White Sands Missile Range 
(WSMR) that sharp images of missiles were seldom ob- 
tained at long slant ranges during daylight hours with 


* Received by the PGMIL, July 17, 1961. 

+ Jet Propulsion Laboratory, Pasadena, Calif. Formerly with 
Optical Systems Branch, Range Instrumentation Dev. Div., Inte- 
grated Range Mission, White Sands Missile Range, N. Mex. 


the exception of the period shortly after sunrise and 
shortly before sunset. Although pitch and yaw data on 
V-2 rockets were obtained photographically at heights 
up to 100 miles during early morning and late after- 
noon shoots, the same data were obtained only to 
heights of 10 to 20 miles during midday operations. The 
images recorded during midday were generally blurry 
and of low contrast (see Fig. 1). Quite frequently two 
or three closely-spaced images of the missile appeared 
on the same photograph. These multiple images were at 
first attributed to vibration in the optical system or 
camera. However, it was later recognized that they were 
the result of an out-of-focus condition arising from 
either the optical defocusing power of optical turbulence 
in the atmosphere or from the inability to critically 
focus a telescope when observing a distant target 
through heavy turbulence. 

Attempts to locate a focal plane under conditions of 
optical turbulence revealed the presence of good images 
in planes other than the normal focal plane. These 
images, called “transient images,” were of short dura- 
tion and manifested some degree of periodicity. G. Nee- 
land and R. Roush,! under the direction of C. W. Tom- 
baugh, investigated such images under a number of 
conditions and postulated that optical turbulence 
might be explained as “air lenses” of various sizes and 
optical power passing in front of the telescope objective. 
They demonstrated that thermal inhomogeneities in 


Fig. 1—Image of missile (near right-hand crosshair) shows blurring 
effect of optical turbulence. This photograph was taken with a 
300-inch focal length lens. Focal lengths under 20 inches generally 
do not give enough magnification to detect effects of turbulence, 


*G, Neeland and R. Roush, “Atmospheric Turbulence,” Ballistic 
Res. Lab., Aberdeen Proving Ground, Md., Tech. Note No. 514; 
June, 1951. The work of Neeland and Roush was done at WSMR 
which, at that time, was operated by Aberdeen Proving Ground. 
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the atmosphere, rather than wind currents, are responsi- 
ble for optical turbulence and that turbulence near the 
telescope objective reduces image quality more than 
turbulence more distant from the telescope. They were 
also aware that the type of effect which turbulence pro- 
duced on the image was related to the relative sizes of 
the telscope aperture and the turbulence air lenses 
(turbulence cell size). The duration of most of the 
transient images reported by Neeland and Roush was 
about 0.2 seconds; few were longer than that and some 
were as short as 0.05 seconds. Since they found fewer 
transient images at large distances from the normal 
focal plane, they concluded that there are fewer power- 
ful thermal lenses than there are weaker ones in a given 
period of time. 

At this same time, E. P. Martz, Jr. studied the image 
improvement which might be realized by elevating 
either the camera, the target, or both above the ground 
during periods of optical turbulence. He found that 
elevating the camera above ground gave more improve- 
ment than elevating the target and that the greatest 
improvement came when both target and camera were 
elevated. Martz’s tests were conducted from open steel- 
framework observation towers over desert terrain typi- 
cal of WSMR. He was limited in height to 35 feet above 
ground level. His data indicates that the resolution 
capability of an optical system may be increased by 
approximately three times when elevating the lens 
from a height of 3 feet to 33 feet. However, the resolu- 
tion obtainable from the top of the tower in the presence 
of turbulence is only, perhaps, half that which might be 
obtained if there were no turbulence. 

As a result of Martz’s work, nearly all camera loca- 
tions at WSMR are elevated above ground level. Fig. 2 
is a photograph of a concrete tower station constructed 
to rigidly support a tracking cinetheodolite camera ap- 
proximately 25 feet above the surrounding terrain. Dirt 
mounds and roofs of small instrumentation buildings 


oe 


Fig. 2—Concrete tower station. Roof sections slide down inclined 
supports to allow tracking camera a full hemispherical view of 
the sky. 


2E, P. Martz, Jr., “Optical Performance in Elevated Camera 
Structures,” Sys. Engrg. Branch, Flight Determination Lab., White 
Sands Missile Range, N. M.; November, 1951. 
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are also used to elevate cameras above the region of 
greatest turbulence. 

One might expect that the concrete towers, through 
the effects of solar heating, would become turbulence 
generators and defeat the purpose of elevating the cine- 
theodolite cameras. An investigation was conducted in 
1958 by J. A. Roth*® to determine whether or not the 
resolution obtainable from the top of the towers was as 
good as that recorded with a camera supported at the 
same height by a crane approximately 25 feet away 
from the tower. Roth reports that “no evidence was 
found that the concrete towers act as turbulence gen- 
erators.” He also investigated the improvement in reso- 
lution resulting from the location of a camera at the top 
of a barren dirt mound 15 feet high (total camera height 
equals 21 feet), as compared with a camera 5 feet above 
terrain level near the base of the mound. At midday, 
the resolution recorded at the top of the mound was 
nearly twice that recorded at the lower level. 


Ill. PRESENT RESEARCH PROGRAM 


The present research program has a fourfold objec- 

tive: 

1) To investigate the optical effects of turbulence 
through experimentation with single turbulons.*” 

2) To obtain comparative data on the turbulence 
generating ability of various types of terrain 
found on the Missile Range.* 

3) To measure, as a function of telescope aperture, 
the amplitude and frequency of scintillation and 
image displacement caused by turbulence under 
field conditions at WSMR.° 

4) To conduct experiments in reducing optical turbu- 
lence.® 


Due caution is exercised in this program to avoid 
duplicating the work of others in this field.’ 


A. Optical Effects of Thermal Turbulence in the Atmos- 
phere 


In 1947, it was suggested that the optical effects of 
turbulence might be explained by the concept of hypo- 
thetical prisms of constantly changing power, orienta- 
tion, and size along the line of sight from the telescope 
to the target.’ The air lens, or thermal lens, concept of 
Neeland and Roush has been previously mentioned. In 


3 J. A. Roth, “Station Site Turbulence,” Range Instrumentation 
Dev. Div., Integrated Range Mission, White Sands Missile Range, 
Final Rept. on Sub-Task 1-22-4; September, 1958. 

4 Turbulon—a single elementary parcel of turbulence, an alive 
lens.” 

5 This work was supported in part by the Office of Ordnance Res., 
Project I-169-P. 

6 Work on these two areas has just commenced and will not be 
reported in this paper. 

7 It is beyond the scope of this paper to describe all research being 
done in the field of optical turbulence. A large number of papers 
have been published since the astronomer, A. E. Douglas, started 
modern research on the subject in 1892. For a reprint of Douglas’ 
original paper see “Amateur Telescope Making,” Book 2, Scientific 
American, Inc., New York, N. Y., pp. 585-605; 1949. 

8L. A. Riggs, et al., “Photographic measurements of atmospheric 
boil,” J. Opt. Soc, Am., vol. 37, pp. 415-420; June, 1947, 
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order to study, under controlled conditions, the optical 
effect of single turbulons, an experiment was conducted 
in which both the physical nature of a turbulon and the 
effect of the turbulon on an optical image could be re- 
corded simultaneously. The optical schematic for this 
experiment is shown in Fig. 3. A Schlieren-type optical 
system was used to photograph simultaneously two 
views of a single turbulon generated in the test area. 
These two views were oriented at 90° from each other 
and provided information on the size, shape, and loca- 
tion of the turbulon. At the same time, a target was 
photographed by a telescope viewing through the 
turbulon to record its effect on an optical image. The 
aperture of the telescope was 2 inches, the image dis- 
tance 72 inches, and the object distance 279 inches. The 
distance from the test area to the telescope objective 
was 14 inches. Exposure time for the telescope was de- 
termined by an electronic flash unit which trans- 
illuminated the target for approximately 175 usec. 

Turbulons were generated one at a time by applying 
6 ac volts to a small coil of resistance wire located just 
below the test area. The shape of the turbulon was gen- 
erally that of a laminar flow,® vertically-oriented col- 
umn approximately one-half inch in diameter. In order 
to obtain fairly stable turbulons, it was necessary to 
block off air inlets to the room and to minimize human 
movement lest interfering air currents be set up. 
Schlieren photographs of an artificial turbulon are 
shown in Fig. 4. 

The target pattern photographed by the telescope 
served two purposes. Standard bar-type resolution pat- 
terns in the four quadrants of the target served to indi- 
cate the resolution loss introduced in the image by the 
turbulon. Four space points on the target, one in the 
center of each quadrant, were used to measure the image 
displacement and image distortion (differential dis- 
placement) produced by the turbulon. A set of fiducial 
points on the target were independently illuminated 
and exposed on the telescope film before each turbulon 
was generated and the main target-pattern photo- 
graphed. Since the telescope camera shutter was not 
operated between the fiducial exposure and the target 
exposure and, further, the camera was not touched dur- 
ing this period, the images of the fiducial points gave a 
stable frame of reference against which the images of 
the space points could be measured to determine image 
displacement and distortion. Also, the measured dis- 
tance between fiducial point images served to determine 
the film-shrinkage correction factor to be applied to 
each photograph taken. 

The results of the experiment were as follows: 


1) Vertically-oriented column-shaped turbulons re- 
duced the horizontal resolution more than the 
vertical resolution, thereby acting as astigmatic 
(cylindrical) lenses. 


9 Laminar flow, since by definition, turbulent flow would not 
exist within a turbulon. 
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Fig. 3—Optical system used to study the optical 
effects of single turbulons. 


Fig. 4—Schlieren photographs of a column type, warm-air turbulon. 
These two views are oriented 90° from each other and were 
photographed simultaneously. 


2) Image points in all quadrants of the image were 
displaced in the same general direction by any 
given turbulon. The magnitude of displacements 
among the quadrants was not constant for a given 
turbulon. Therefore, both image displacement and 
image distortion resulted from single turbulons. 

3) The magnitude and the direction of the image dis- 
placement appear to be correlated with the mag- 
nitude and direction by which the optical center 
of the turbulon is displaced from the telescope 
axis. 


(These results were produced by single turbulons which 
were smaller than the telescope aperture in the hori- 
zontal direction and which extended vertically across 
the aperture. The magnitude of image displacement 
was generally less than 2.5 seconds of arc.) 

The third result enumerated above is of special in- 
terest. The data unexpectedly revealed that, if the 
turbulon was located to one side of the telescope axis, 
the image was displaced toward the opposite side. It can 
be shown by geometrical optics that, if a negative lens is 
located in front of a telescope objective and some- 
what off axis, there will be a displacement of the image 
in the opposite off-axis direction (see Appendix). Thus, 
the first and third results indicate that the column- 
shaped, warm-air turbulon acted as though it were a 
negative-power astigmatic lens. This, of course, should 
be expected from the fact that the density, hence, the 
refractive index, of warmed air is less than that of air 
at ambient temperature. But, it further implies that 
there is no need for a prism model of turbulence—both 
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image motion and loss of resolution can be produced by 
an air lens. 

Under field conditions one is confronted not merely 
with a single turbulon occulting the line of sight but, 
rather, with a field of turbulence extending both across 
and along the line of sight. Fig. 5 is a Schlieren photo- 
graph showing “effective” cell size!® of turbulons in the 
open atmosphere. Cell size is not a constant, but is de- 
pendent upon terrain, insolation, and atmospheric con- 
ditions. The slightest breeze can completely change the 
nature of the cell pattern while it is blowing past the 
objective of the telescope. If the effective cell size is 
very much smaller than the telescope aperture, each 
off-axis cell will displace a portion of the image-forming 
light in a manner similar to that observed in the single 
turbulon experiment. The net result will be a blurred 
image which will not manifest any image motion char- 
acteristics, but which will have position stability. On the 
other hand, if the effective cell size is large, or the aper- 
ture-size small, so that the effects of many cells are not 
integrated across the aperture, image motion and dis- 
tortion will be observed and resolution will be better 
than that of the blurry image resulting from the many 
small cells. This suggests that for cinetheodolites, where 
image stability is of great importance, large optical 
apertures are required in the presence of optical turbu- 
lence. Furthermore, for the large tracking telescopes 
which provide highly detailed images of missiles at long 
ranges without great concern over image position sta- 
bility, small apertures will yield better resolution in the 
presence of turbulence. The effects of turbulence over- 
ride the normal aperture-resolution relationship of 
physical optics. Optimization of aperture size is the 
subject of future research at WSMR. 

There is another type of image-blurring resulting 
from turbulence. When image motion is caused by rela- 
tively large cells and the exposure time of the camera is 
sufficiently long, a blurred image will result from the 
fact that the image moved during the exposure. In gen- 
eral, an exposure time of 1/100 second or shorter will 
prevent this type of blurring. However, it is impossible 
through the use of short exposures to prevent the type 
of blurring which results from a large aperture viewing 
through a field of small turbulons. 

The scintillation effect of atmospheric turbulence is 
directly related to the size of the receiving aperture, the 
effect being greatest at very small apertures. Scintilla- 
tion results from distant, optically powerful turbulons, 
causing light rays to be partially or totally refracted 
away from a small receiving aperture. Fortunately, 
nearly all optical instruments used for missile tracking 
have sufficiently large apertures to avoid scintillation 


10 The “effective” cell size is smaller than the turbulon size since 
we are looking in depth at turbulons against a background of ran- 
domly spaced turbulons. Boundaries of more distant turbulons may 
appear in the center of closer ones. However, the effective cell size 
will be, in some respect, proportional to the turbulon size. 
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Fig. 5—Schlieren photograph of turbulence cells in the open atmos- 
phere. The light and dark blotches indicate the angular variation 
with which rays from a point source have impinged upon the tele- 
scope objective. The dark area in the center is the shadow of the 
telescope secondary mirror. Telescope aperture equals 6 inches. 


effects. A star which twinkles when observed with the 
eye does not twinkle when seen through a medium or 
large sized telescope. 


B. The Source of Thermal Turbulence 


It was mentioned in Section II of this paper that 
during the periods shortly after sunrise and shortly 
before sunset, good images of missiles photographed at 
long ranges could be obtained. What makes these 
periods different from the rest of the daylight hours 
when turbulence is observed and image quality drops 
off drastically? If, during the periods near sunrise and 
sunset, one measures the temperature-lapse rate (ver- 
tical temperature gradient) of the atmosphere in the 
first 3 feet above ground level, one will find the lapse- 
rate to be no greater than adiabatic (—1°C/m) or, 
possibly, inverted (positive slope). Both of these condi- 
tions are indicative of a vertically stable air mass. 
However, during the rest of the daylight hours, the 
lapse-rate generally becomes super-adiabatic (unstable 
air) with temperature differences as great as 17°C be- 
tween ground level and 3 feet above. As the sun illumi- 
nates the ground, some of the solar energy is reflected, 
some absorbed and conducted to subsurface soil, some 
absorbed and re-emitted at longer wavelengths (infra- 
red), and some absorbed and given up to the boundary 
layer of air just above the surface by conduction." This 
very thin, superheated, boundary layer becomes buoy- 
ant because of its high temperature and low density 
and bubbles upward to form turbulons.’: Lapse-rate 
measurements give an indication of the buoyancy, or 
turbulence potential, of the lower atmosphere. 


1R. Geiger, “The Climate Near the Ground,” Harvard Uni- 
versity Press, Cambridge, Mass., pp. 1-9; 1957. 

12 [bid., pp. 51-61. 

13. R. S. Scorer and F. H. Ludlam, “Bubble theory of penetrative 
convection,” Quart. J. Roy. Meteorol. Soc., vol. 79, pp. 94-103; 
January, 1953. 
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WSMR, encompassing 4000 square miles, has a va- 
riety of terrain surfaces and surface covers ranging from 
white sand dunes to black lava beds and from sparsely 
vegetated desert to dense swamp grass. J. A. Roth is 
conducting a year-long program of measuring lapse- 
rates from heights of 0.5 foot to 24 feet over white sand, 
sparsely vegetated desert, and swamp grass.'* As one 
might expect from a comparison of reflectivities, the 
lapse-rate over white sand shows less instability of the 
atmosphere than that over desert terrain. Somewhat 
unexpectedly, the highest lapse-rates (greater turbu- 
lence potential) were those measured over 10-inch deep, 
dense swamp grass. It had been previously supposed 
that the lapse-rates encountered over such grass would 
be less than those over the desert. The temperature of 
the air at the top of the grass was actually higher than 
that of air at the same height above desert sand. Roth’s 
program has been expanded recently to include man- 
modified surface covers such as commercial crops and 
close-cropped lawn grass in an attempt to gain a better 
understanding of lapse-rates over green vegetation. 
The lapse-rate over a large pond is also being studied. 


IV. CONCLUSIONS 


A systematic research program on optical turbulence 
has been conducted more or less steadily during the past 
decade at WSMR. The advantages gained by elevating 
cameras above ground level have been measured and 
are now being realized through the use of concrete tow- 
ers, earthen mounds, and other types of structures. 
However, elevating the camera stations only reduces 
and does not eliminate the turbulence problem. 

An “air lens” turbulon theory for the optical effects of 
atmospheric turbulence has been partially developed 
and can be used to explain some of the observed effects. 
On the basis of this theory, scintillation, image motion, 
image blur, and the relationship of aperture size and ex- 
posure time to observed turbulence effects are qualita- 
tively understood. The frequently observed undulating 
appearance of fairly small line images has yet to be ex- 
plained. 

The generation of optical turbulence is understood 
on the basis of a micrometeorological bubble theory. The 
turbulence potential of the air near the ground is indi- 
cated by a readily measured quantity, the temperature 
lapse-rate. This potential is being measured over vari- 
ous types of terrain surfaces with the surprising result 
that dense swamp grass has a higher potential for pro- 
ducing optical turbulence than does sparsely vegetated 
desert. 

Although this research has all been directed toward 
the optical effects of atmospheric turbulence, the results 
apply equally well to systems working at radio frequen- 
cies. From the general refraction equations, one might 
expect that humidity inhomogeneities may play an im- 


4 The full results of this program will be reported later. 
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portant part in RF turbulence effects, if such inhomo- 
geneities are found in the turbulent lower atmosphere. 
For the optical problem, only thermal-induced density 
inhomogeneities are considered important. 


APPENDIX 


The fact that the image displacement produced by a 
single turbulon is related to the off-axis position of the 
turbulon was first noticed by L. A. Adams, formerly 
associated with this program. His explanation for the 
effect is given below. 

Consider two light rays emitted from a point source 
and focused by a telescope as shown in Fig. 6. Ray 1 
passes through the center of the negative lens and, 
therefore, is not deviated until it strikes the telescope 
objective. In image space, it will cross the axis at the 
normal focal plane. Ray 2 is selected as that ray which, 
in image space, is parallel to the axis. The dashed exten- 
sion (apparent direction) of this ray in object space will 
pass through the first focus of the telescope objective 
and will intersect with Ray 1 defining the apparent loca- 
tion of the point source. Their intersection in image 
space gives the position of the image of the apparent 
point source. 
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Fig. 6—Image displacement caused by an off-axis negative lens. 


From similar triangles, we have 


E HA 
fej, va 5 
and 
E AX 
5 aeiee 


Combining the two equations, we have 


F(S —-S,) 
Cayo = al 


ax =] 


where J and B depend upon the position of the negative 
lens, and S, is a function of the optical power of the 
negative lens. 

When the complete bundle of image-forming rays are 
considered, it will be found that the centroid of the de- 
focused image observed at the normal image plane 
will be very nearly (S’/S,’)AX from the telescope axis. 
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Television in Underwater Weapons Testing* 


ALLAN R. METZLER{ 


Summary—At the Naval Ordnance Test Station sea ranges at 
San Clemente Island, closed-circuit television is used both over and 
under water for certain phases of underwater weapons testing. The 
functions of this instrumentation are to provide: real-time data, 
engineering surveillance, monitoring, underwater launcher position- 
ing, range surve:llance, time-event data, trajectory data, and to assist 
in underwater search and recovery. 

At present, 17 closed-circuit systems are in use above and below 
the surface of the ocean, and more systems are being built. The new 
systems include an Image Orthicon camera for underwater search 
and a Vidicon-type system for operations at a depth of 6000 feet. 


HE San Clemente Island Ranges, off the coast of 

Southern California, serve as a flexible facility for 

the Naval Ordnance Test Station's testing and 
evaluation of all types of underwater weapons (Fig. 1). 
Closed-circuit television is the only practical method of 
securing real-time information and to provide the es- 
sential visual contact with both underwater and topside 
operations. Technically, it is often better and more 
flexible than personal observation by divers. 


* Received by the PGMIL, June 12, 1961. 
+ U. S. Naval Ordnance Test Station, Pasadena, Calif. 


Complete weapons testing at San Clemente Island 
requires the observing, monitoring, and recording of 
events and functions inaccessible to personnel. Closed- 
circuit television and  kinescope-recording cameras 
provide this means of information storage. Some of the 
functions performed by television on the San Clemente 
Island Ranges are: supplying real-time data, engineer- 
ing surveillance, monitoring, range safety surveillance, 
time-even data, trajectory information, assistance in 
search and recovery, and in underwater launcher posi- 
tion. 

Although it is often thought that television and film 
are competitive media, each has a definite area of ap- 
plicability in our particular tasks. Film cameras in re- 
mote positions cannot supply real-time information, 
and lack the ability to be oriented remotely during un- 
derwater tests; also the cameras must be recovered 
after each operation. 

The main disadvantages of television are the present 
state-of-the-art limitations imposed by its limited ap- 
plications as compared with film photography. Sys- 
tems needed to obtain high-speed television data are 


Fig. 1—POLARIS Test Range, San Clemente Island, showing FISHHOOK recovery system. 
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special designs and are costly compared to the innu- 
merable high-speed film cameras available. The complex- 
ity and over-all lack of system reliability of television 
are considered a disadvantage. Another is that present 
television cameras require video information to be 
transmitted via cable to the readout system. Multiplex- 
ing techniques have alleviated this condition somewhat, 
but electrical cable still remains a problem in underwater 
applications. 

The Naval Ordnance Test Station uses both film and 
television for the coverage of events, utilizing the ad- 
vantages of both. In the examples of the use of televi- 
sion illustrated here, the principal reasons for its ap- 
plication to the particular task will be clearly evident. 
Having a picture to look at and being able to form real- 
time conclusions are invaluable to the observer at the 
remote monitor. Television is not only a data system 
but a prime tool in underwater surveillance work. Its 
value is often not realized until after the results are 
assessed. 

At present, the Range Operations Branch (Pasadena 
Division of the Test Department) operates 17 closed- 
circuit television systems at San Clemente Island. Two 
kinescope recorders are used as support for film cover- 
age and data recorders. 

The present systems incorporate Hallamore Elec- 
tronics Company CC400 and CC420 television cameras, 
each with a low-light level Vidicon-type pickup tube and 
a cascode preamplifier. The cameras are used with tele- 
vision monitors which combine the functions of camera 
control and a 14-inch, 17-inch, or 21-inch monitor, de- 
pending upon the application (Fig. 2). Master vertical 
and horizontal oscillators, located in the master monitor, 
develop the pulses that drive both the camera and 
monitor-sweep circuits. The master horizontal oscillator 
is a free-running multivibrator adjustable to 20 ke 
with a 60-cycle noninterlaced field rate. The 20-kc 
horizontal sweep frequency theoretically provides 666 
scanning lines, although blanking time and field adjust- 
ment often reduces the number to 600 television lines. 
Horizontal deflection for the CRT and Vidicon tube is 
derived from a common master oscillator source, making 
it impossible for the camera and master control monitor 
to lose synchronization. 

The television cameras used under water are placed in 
housings with or without underwater pan and tilt mech- 
anisms (Fig. 3). Most of the housings have corrected 
windows that provide a relatively distortion-free hori- 
zontal field angle of 70 degrees and reduce images to 
normal size. Ail these shallow-water housings are so de- 
signed that the camera can be submerged to a 1000-foot 
depth. 

Resolution of television systems and film cameras 
underwater is not limited by the equipment but by the 
water itself. From earlier work by the writer,! later sub- 
stantiated by experiments in open water by the Naval 


1 While employed at U. S. Naval Photographic Center and con- 
tractually assisted by Photogrammetry, Inc., of Silver Spring, Md. 


Fig. 2—Typical television monitor. 


Fig. 3—Typical underwater television camera 
and pan-tilt mechanism. 
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Ordnance Test Station, it is known that the resolution 
of an optical image in relatively clear water is normally 
10 to 15 film lines per millimeter due to the scatter of 
light in water for distances up to a few feet. The resolu- 
tion of an optical image underwater is limited primarily 
by the inherent molecular structure of the water itself 
and to a lesser degree by water turbidity and frequency 
of light. It is therefore evident from the resolution 
characteristics of most film, lenses, and television pickup 
tubes that the limitations imposed by the water are 
much more severe than those imposed by the equip- 
ment. 

The two characteristics of water most troublesome in 
underwater optical instrumentation are scattering and 
absorption. Aggravating this condition is the sea-water 
variable, turbidity, which causes visivility to change 
from a few feet to as much as 100 feet in a few hours. 
Water turbidity causes variable optical conditions, par- 
ticularly when artificial light is used. In water depths 
up to 300 feet at San Clemente Island, artificial lighting 
is more of a hindrance to Vidicon-type cameras than an 
aid, except for close subject distances. 

The versatility of basic television equipment both in 
air and in water is increased by remote zoom lenses and 
pan-tilt controls along with distribution and video line 
amplifiers, a horizontal vertical synchronizing gen- 
erator, switching and patching equipment, and kine- 
scope recorders. 


SURFACE TELEVISION 


On the FISHHOOK recovery system used on some of 
the POLARIS missile tests, a television camera on the 
top of the FISHHOOK crane 185 feet above the water 
is directed toward the water surface for boresight 
purposes (Fig. 1). In this way it can be determined that 
the recovery cable is located directly over the launching 
pad to prevent the transfer of upsetting moments from 
the cable to the missile. 

For range safety, a remotely controlled television 
camera is located atop the range control blockhouse at 
San Clemente Island (Figs. 4 and 5). With the zoom lens, 
the Range Engineer can check small or large areas of 
the range to ascertain its condition and to assure him- 
self that all personnel have left the area prior to a firing 
(Fig. 2). The Naval Ordnance Test Station supplies 
five cameras, utilizing remote control pan-tilt mecha- 
nisms, to Lockheed Missiles and Space Division and 
Westinghouse Electric Corporation for use during PO- 
LARIS tests to monitor checkout equipment near the 
launch site that cannot be remoted to the blockhouse. 
Here the 600 lines of resolution are important to enable 
personnel to read meters accurately. 

Similarly, the range oceanographic group uses a tele- 
vision camera in the control blockhouse to check per- 
formance and view individual records from recorders in 
the monitor barge at the launch site more than 4000 
feet away. The oceanographic group records data from 
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Fig. 4—Range safety surveillance television mounted on command 
flight termination station atop range control blockhouse. 
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Fig. 5—View of POLARIS range from range 
control blockhouse. 
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a thermistor chain (water temperature profiles), Roberts 
water-current meters, Savonius water-current meter, 
Litton water-current meter, and Mk 10 bottom-pres- 
sure transducers. 

The launcher instrumentation group also has a tele- 
vision camera on the monitor barge to check on the per- 
formance of the launcher instrumentation. This group, 
in the blockhouse, calibrates remotely with aid of this 
television system prior to a firing and records data from 
pressure transducers in the launcher (Fig. 6). The tele- 
vision also aids the blockhouse instrumentation group in 
performance of equipment checkout and preflight opera- 
tions. 


as 


Fig. 6—Internal view of range control blockhouse. 


UNDERWATER TELEVISION 


In shallow water, television is used underwater to 
observe and position launchers, to read gauges inside 
the POLARIS submersible launcher, and to observe 
underwater flight paths. The underwater test observa- 
tions and the television image of the gauge cameras 
are recorded on kinescope film recorders as a backup in 
case of failure of the data equipment or underwater film 
cameras. 

Before launchings, underwater television inspects 
the ocean floor around San Clemente Island with its 
many large boulders and other obstacles, in order to 
prevent damage to the launcher as it is being lowered. 
When the POLARIS launcher is being pulled down to 
its pad, the ballasting and winch operators must know 
if there are any obstructions and how the launcher is 
oriented with respect to the pad. Submersible winches 
will presently be monitored in the same manner. 

Underwater television cameras are located on the 
POLARIS submersible launcher to observe its opera- 
tion. They are of great value in making certain that the 
hatch is functioning properly before a missile launch is 
attempted. In ballasting and pressurizing, the operator 
must know several pressures in the launcher prior to 
firing in order to give accurate launch characteristics. 
Accurate gauges in the launcher are observed with tele- 
vision, and special precautions are taken to reduce any 
error due to parallax. 

For missile recovery and oceanographic research, two 
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underwater-search television systems have been devel- 
oped at the Naval Ordnance Test Station. One system 
(on the net-tender USS Butternut or ASR-type vessel) 
consists of a tripod that can be set on the ocean floor, a 
pan and tilt unit, and an underwater television camera. 
This system allows search of an area from a fixed point. 
The other system is designed to be towed through the 
water to observe the ocean floor. Both units can be 
equipped with four 400-watt, 220 volt underwater 
mercury-vapor lamps built by Ward Associates, San 
Diego, California. The towed system has been used on 
63-foot vessels (AVR-type) to determine bottom topog- 
raphy. 

An underwater tripod-mounted television camera 
with pan-tilt unit has also been used to observe under- 
water construction work on the POLARIS program. 
This enables the inspector, who cannot be under water, 
to observe the progress of the construction. 

A fiberglass and epoxy underwater camera-housing 
has recently been designed, fabricated, and tested to an 
operating depth of 1000 feet, and delivered through the 
cooperation of Summet Industries, Los Angeles, Cali- 
fornia. It is presently being equipped with a transistor- 
ized Vidicon-type television camera for operational 
evaluation (Fig. 7). The housing represents a corrosion- 
free, extremely lightweight design with hermetically 
sealed connectors and a quick-acting, self-aligning rear 
door (Fig. 8). 

The Naval Ordnance Test Station has also completed 
three new underwater pan-tilt mechanisms designed 
for 6000-foot depth operations. These are electrically 
driven, oil filled, and constructed of type 6061 anodized 
aluminum alloy. They were produced primarily to meet 
the conditions of greater depth and to be used in areas 
of high-dynamic pressures created by underwater ex- 
plosions. 

Since underwater cabling is a necessity for under- 
water television, special nonflooding cables have been 
designed and procured. Stainless-steel hermetically 
sealed connectors are used throughout. The aluminum 
camera-housings have been modified from the example 
shown in Fig. 3 to provide two additional connectors 
on the housings for cables to the pan-tilt mechanism and 
underwater lights. 

The most recent application of underwater television 
at the Naval Ordnance Test Station is an Image Or- 
thicon system built by Vare Industries, Roselle, New 
Jersey. It is used in conjunction with the Vare Indus- 
tries underwater self-propelled vehicle (Fig. 9) pres- 
ently undergoing acceptance testing at San Clemente 
Island. This underwater television search vehicle will 
be outfitted with an underwater manipulator claw for 
recovery work. An underwater automatic computer- 
type navigation system has been designed and will be 
installed to aid the television search and to prevent ran- 
dom searching underwater. This vehicle and naviga- 
tion system are controlled from a mother ship with an 
X-Y plotter as the navigation readout system. 
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Fig. 8—Fiberglas underwater housing quick-seal rear door. 


Fig. 9—Underwater search and recovery vehicle produced by Vare 
Industries, Roselle, N. J. 


FuTURE TELEVISION 


The U. S. Naval Ordnance Test Station, Pasadena 
Division, of the Test Department, is developing several 
television systems for various underwater tasks as well 
as considering the use of television for underwater mis- 
sile trajectory studies. 

Multiplexing four separate television slave monitors 
over a single coaxial cable is presently planned to elim- 
inate two thirds of the underwater cabling problem 
for remote monitoring in the control blockhouse. 

A new television system is being fabricated to operate 
at a depth of 6000 feet under water. The camera, built 
by General Electric Corporation, incorporates a Conrac 
monitor, and is expected to be used for general deep- 
water testing and bottom survey. The chief design prob- 
lem involves the underwater cable that will operate the 
controls, lighting, television video, power, and contain 
the tensile member necessary to support the underwater 
camera and mounting frame. As in all cables of this type, 
a nonflooding cable is essential. The specifications for 
most of the underwater electrical cables on the range re- 
quire that they withstand 300 psi for two hours and do 
not “hose” or absorb more than 0.1 cubic inch of water 
in an open cable end. These specifications, which are 
considered ample even for a 6000-foot depth application, 
can be met by several manufacturers. 

The low frame rate of most commercially available 
television systems limits them for range operations. 
Even when resolution is not critical, frame rates up to 
500 frames per second are desirable for data output and 
recording. 

Also in the planning stage is a diver-held television. 
This system requires a lighter and smaller housing and 
a special buoyant, high-tensile coaxial cable for the 
camera. 

Since the beginning of torpedo development, scien- 
tists and engineers have been seeking a practical method 
for taking underwater trajectory measurements ex- 
ternal to the test vehicle. Several acoustic and electronic 
systems have been proposed and some developed, but all 
lack the characteristics of optical presentation or pic- 
ture-type of information on the underwater flight. The 
Naval Ordnance Test Station is investigating two meth- 
ods that will possibly result in numerical data and pic- 
ture-type information. They are underwater acoustic 
imaging and Image Orthicon underwater television 
arrays. 

A study being conducted at this Station concerns 
acoustic imaging to produce television-quality data 
pictures up to 8 frames per second at several hundred 
feet from a fast-moving underwater test vehicle. Pres- 
ent work is being carried on at 1-me acoustic frequency 
and CRT presentations of underwater targets have 
been produced. 

A future television system for underwater trajectory 
measurements might utilize at least nine Image Orthi- 
con television systems on separate submersible, bottom- 
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supported mounts, with precision underwater pan-tilt 
mechanisms instrumented to produce azimuth, eleva- 
tion, and depth information. These separate video 
signals, with camera orientation information, could be 
stored three at a time on video tape-recording equip- 
ment for data assessment as well as engineering surveil- 
ance playback. 

The cameras could be located with the previously 
described underwater navigation system to aid under- 
water television search with an accuracy of +23 feet, 
with respect to a fixed bottom reference at a range of 
6000 feet from the navigator or plotting station on 
board ship. Since absorption and scattering affect tele- 
vision and film photography mainly in subject contrast, 
color television would be very valuable in this area. 
Shades of grey or tonal contrast are all that conven- 
tional black and white television systems can provide. 


CONCLUSION 


The future of all underwater television is not limited 
by the probability that man will some day have com- 
plete mobility and freedom under the seas for observa- 
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tion and measurement in yet unthought-of submersible 
craft. If one accepts the fact that man in space is the 
most compact of instrumentation packages, optical in- 
struments such as television will never achieve a degree 
of success equal to that of man’s senses. Nevertheless, 
television-type equipment will always be a necessity 
underwater, especially in areas of high risk to human 
life. 
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Programmed Search in Adaptive Systems* 


NORMAN S. POTTERY, SENIOR MEMBER, IRE 


Summary—An investigation is conducted of the programming of 
search by discrete data systems over a space volume. The distri- 
bution of search effort which leads to the greatest attainable infor- 
mation rate on a contact, or probability of its retention by maximizing 
the probability of a positive interrogation within some designated 
time interval is determined. An estimate of p, the relative frequency 
of positive interrogations of an individual contact, is utilized as a 
basis for adjustment of the sampling rate in accordance with results 
of the search program optimization study. It is shown that in the case 
of Rayleigh signal sources, the rate of convergence to a stable esti- 
mate of p is greatest if a search program characterized by a rapid 
sampling rate and a consequent low probability of detection on the 
individual trial is employed. 

If, following a sequence of observations, the statistical distribu- 
tion of the position of the contact may be ascertained with some con- 
fidence, a suitably restricted space volume may be used in the allo- 
cation of search. It is shown that, if an extremal exists, the uni- 
formly interrogated search field, which is optimal in the sense that 
the product of the containment and detection probabilities is greatest, 
is defined by an equiprobability density of location contour. Further, 
if a nonuniformly distributed search program is pursued and the 
errors are determined to be binormally, circularly distributed, the 
greatest effort should be allocated to the region in the vicinity of 
the center of the positional distribution, with a parabolic decline to 
zero in dwell time as the periphery of a bounding, circular region, 
whose radius is a function of the standard deviation, is approached. 


* Received by the PGMIL, June 2, 1961. 
Tt Maxson Electronics Corp., New York, N. Y. 


INTRODUCTION 


HE ADVENT of electronic scanning and high- 
speed data-processing systems makes the imple- 
mentation of flexible search-track systems fea- 
sible. The contemplated programming of discrete data 
systems is largely intended to accomplish the distribu- 
tion of signal integration time in an optimum manner, 
that is, in such a way that the greatest attainable in- 
formation rate is generated. As used herein, the infor- 
mation rate upon a contact is said to be greatest when 
the mean time between successive positive interrogations 
of it is minimum. Alternately, the probability of effect- 
ing a positive interrogation within some designated time 
interval may be maximized in accordance with other 
reasonable system performance criteria to be discussed. 
To this end, object detectability may first be ascer- 
tained upon the basis of a history of successful and non- 
successful interrogations. Investigation of the converg- 
ence of such statistical processes in the case of Rayleigh 
or strongly fluctuating sources shows that the rate of 
convergence to a stable probability of success on an 
individual interrogation is greatest if a program char- 
acterized by a rapid sampling rate and a consequent 
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low probability of detection on the individual trial is 
employed. The result conflicts in part with the optima 
indicated earlier and those associated with certain 
higher order decision processes that might be utilized 
as criteria for the retention or rejection of a contact. 

The preceding programmed distributions concerned 
themselves with information rate considerations when 
a space volume is to be interrogated. However, the 
problem is often one of maximizing the probability of 
a positive interrogation of a contact if, following a se- 
quence of prior interrogations, its positional distribu- 
tion over some suitably restricted space volume may be 
reflected in the allocation of the search over that sub- 
space. It will later be seen that the use of a complex, 
nonuniform search program provides little improvement 
above that of the substantially simpler, uniformly dis- 
tributed search, provided that the space volume has 
been optimally selected with respect to the latter. 

In brief summary, the methods to be developed are 
of particular consequence in the heavy contact density 
environments which may largely define modern defen- 
sive operations. The confusion arising through the inter- 
lacing of trajectories is representative of the factors 
which dictate a progression to increasingly higher sam- 
pling or information rates to facilitate automatic deci- 
sion processes and reduce computer bandwidths. Fur- 
ther, the compelling possibility exists of implementing 
multiple purpose detection and tracking equipments 
that may also effect intelligent control of a counter- 
weapon. The detection and tracking phases largely 
merge in systems which extensively utilize memory and 
the correlation of data derived over a series of interro- 
gations in discriminating against system noise and sig- 
nals from real though extraneous sources. Accordingly, 
many questions which are similar to those which arise 
in the tracking phase must be considered in the informa- 
tion handling aspects of detection. However, the optimal 
system sampling rate for control of a counterweapon is 
essentially dictated by its over-all time constant of re- 
sponse, thereby leading to more stringent information 
output requirements. Setting aside the availability of 
inordinate signal levels, these can only be satisfied by 
the fuller use of the data available to the composite 
system. 


THE STATISTICAL MODEL OF THE 
DETECTION PROCESS 


Let P denote the instantaneous power density of a 
reception comprising signal and noise, the average of 
whose fixed and mean fluctuating components are S? 
and S;, respectively. Following Uhlenbeck, we define 
the first probability distribution F(P)dP as a stationary 
distribution leading to the well-known expression 
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A representative and meaningful discussion of its func- 
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tional behavior and physical significance may be found 
in Kerr.} 

In the most interesting case, that in which the fluc- 
tuating component is large, p?=S?/S; vanishes in the 
limit. If P=S?+.S; represents the mean signal power, 


F(P)dP 
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where the asymptotic expression obtains in the situa- 
tion cited above. It leads to a convenient estimate of 
the idealized behavior of p, the probability of a detection 
or positive interrogation since, assuming some thresh- 
old P,,, integration of the asymptotic expression over 
P>P,, leads to exp (—P,,/P), an expression which 
figures prominently in the subsequent analysis. Quan- 
titative analysis indicated that the preceding provides 
a good approximation to the integration time depend- 
ence of p=p(t). By way of a physical rationale, if € rep- 
resents the signal-to-noise amplitude ratio, assuming 
an idealized integration process, so that the propor- 
tionality e=c+/t obtains, P«é leads to p= exp (—R/t). 
In the above, ¢ is the sampling period for uniform in- 
terrogation of the search field. 

At the other extreme, if the fluctuating component is 
small, and p large, reason suggests that the statistical 
aspect of the detection process must decline since detec- 
tion is then largely contingent upon whether or not the 
threshold exceeds the mean. This is easily demonstrated 
since, if p is large, one must have Z« S./P/S;>1 and 
PS*, or Z «p?. Accordingly, employing the well-known 
asymptotic expression Jo(7x) “e*/+/(27x), one obtains 
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where the right hand integral representation follows 
from the substitution P/P=(¢+ )?/(1+ )”). Both in- 
tegrals exist for all p so that the first term, in which the 
reciprocal of p appears as a factor, must vanish in the 


1D. E. Kerr, “Propagation of Short Radio Waves,” M.I.T. Rad. 
Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. Y., vol. 13, 
pp. 553-562; 1951, 
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limit for p large. As for the second, it is clear that it ap- 

proaches unity or vanishes in the limit according as 

the inequality P,,<P or P»>P obtains, and assumes 

the limit 1/2 in the event that P, =P, so that failure 

or a positive interrogation are then equally likely. 
Performing the indicated integrations, 
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in which E(x) denotes the error function. The preceding 
exhibits the limiting behavior noted above and makes 
the rapidity of the convergence apparent. One may 
therefore conclude that the case in which the nonfluctu- 
ating component is markedly dominant readily permits 
large increases in information rate or the selection of 
other optima before the comparative decline of the in- 
tegration time, and therefore the nonstatistical portion, 
reduces it to the Rayleigh signal source case dis- 
cussed earlier. The further discussion will therefore be 
confined to the latter, in which the selection of various 
allocations of search effort is more immediately re- 
flected in terms of various performance criteria, and the 
optima are more sharply drawn. 


I 


INFORMATION HANDLING SUBSYSTEM REQUIREMENTS 


The choice of interrogation rates in automatic de- 
tection and tracking systems admits of certain conflict- 
ing optima. In this instance, data-handling requirements 
will be principally discussed. However, given a priori 
information relating to anticipated signal amplitudes, 
it is possible to establish a sampling rate which will 
yield the greatest attainable cumulative probability of 
detection. The related theory is developed in Potter,? 
which, subject to frequently applicable constraints upon 
the observer-contact relative motion, establishes both 
the existence of a search program that is best in the 
preceding sense, and the disparity between the resultant 
search rates and those that will now be investigated. 
Briefly summarized, the former are substantially lower 
in that, all else equal, the desired signal integration times 
which maximize the cumulative probability are seen to 
lead to probabilities of detection on an individual trial 
that are of the order of 0.7 to 0.8(+). It is there shown 
that, in general, the optimum ?p for a passive system 
somewhat exceeds that for a system in which the sensor 
is active, and is a weakly declining function of the rate 
of information loss by the data handling subsystem. 

For purposes of the present discussion, information 
loss is defined as the failure to effect the correlation of 


_?N. S. Potter, “Comparative evaluation and optimization of 
airborne target detection systems,” Proc. 2nd Natl. Conf. on Military 
Electronics, Washington, D. C., June 16-18, 1958, pp. 62-69. 
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an observation with previously derived data. Due to 
observation error, the frequent inadequacy of informa- 
tion pertaining to the kinematics and intentions of the 
contact, and the evident desirability of reducing the 
region of uncertainty or envelope of its potential pre- 
dicted positions, it is advantageous to minimize the 
mean time between successive positive interrogations. 
Alternately, dependent upon system restrictions on 
data storage and bandwidth, it may be necessary to re- 
ject a contact if a positive interrogation is not received 
during some predetermined time interval 7. In that 
event, performance may be optimized by maximizing 
the probability of a positive contact. 

If the observed detector performance achieved with a 
sampling period f, is p, then the dwell or integration time 
across each element is proportional to ¢ if, as is assumed 
for the present, search is uniformly conducted. If, then, 
a sampling period ¢’ is subsequently selected by the 
system, leading to a different probability p(@’) of 
detection on an individual trial, employing the expo- 
nential form developed earlier, p(t’) =p‘/". Since they 
are Bernoullian trials, the number N of detections 
achieved in time T is (7/t’)p", which may then be 
maximized by making an optimum choice of t’. Exam- 
ination of the derivative of V(t’) with respect to t’ shows 
that t In p is the desired extremal, whence the minimal 
mean time between successive positive interrogations 
is t'/p(t’) =e In p—. It is apparent that system perform- 
ance in this sense is the best attainable in the event that 
the observed p=e—. Fig. 1 displays the ratios of the 
idealized sampling intervals t/t/=1/In p"! and mean 
times (t/p)/(t'/p(t')) =e/p In p. The latter provides 
a meaningful measure of the improvement that may be 
achieved by adjustment of the sampling interval to that 
which is indicated by the preceding theory once the ob- 
served single glimpse probability is ascertained with 
some certainty. 

Similarly, if one wishes to minimize the probability 
of large prediction intervals or the inadvertent cancella- 
tion of a contact, proceeding as before, the quantity 


P=1-(- pileyrie (6) 


must be maximized. Differentiating with respect to ?’, 
elementary reasoning shows that there is a unique ex- 
tremal given by t ln p~!/In 2. Alternately stated, system 
performance is optimized in this sense if, given the ob- 
served single glimpse probability, the sampling rate is 
adjusted so that it is equiprobable that an individual 
interrogation succeed or fail. 

To quantitatively appraise the results of an adjust- 
ment let it be assumed that system performance cor- 
responding to p is P. Then, following the implementa- 
tion of a new sampling rate ¢/ = In p~!/In p’}, 


Pra ie= (1 — P)!2P’/n p-in (1-p’)/In (1—p) (7) 
where the addition of a superscript prime indicates the 


new value of the designated variable. If, in particular, 
the initial system performance is marginal, so that 
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Fig. 1—Relative frequency of positive interrogations. 


P=0.5, and, following the attainment of an observed 
estimate of p, the sampling rate is adjusted to the above 
indicated optimum, the resultant probability P’ be- 
comes 


Pe (2 2s vin Ce) (8) 


The latter function and the ratio of sampling intervals 
t/t’ are displayed in Fig. 1. 

It is clear that, as in the preceding case, the resultant 
improvement is substantial if there is a reasonable dis- 
parity between the observed and optimal p, and sug- 
gests that the conventional desire for a high single 
glimpse probability may be far from optimal in terms of 
the composite system. While there is some measure of 
conflict between the optima derived above, as indicated 
by the fact that the related sampling rates differ by a 
factor of In 2, the flat regions between e~! and 0.5 in the 
contours that respectively measure system performance 
suggest that the disparity is not critical, and that it is 
possible to simultaneously satisfy both criteria. On the 
other hand, an attempt to maximize the cumulative 
detection probability in the classical sense by disregard- 
ing the realities of the data-handling subsystem may 
introduce serious and possibly unacceptable degrada- 
tions in information rate. 


CONVERGENCE AND STABILITY OF THE OBSERVED 
PERFORMANCE ESTIMATE 


The adaptive behavior of the system in appropriately 
adjusting its sampling rate is contingent upon the 
availability of a meaningful appraisal of its prior per- 
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formance. An estimate of the likelihood of the observed 
probability of a successful interrogation will now be de- 
veloped and quantitatively analyzed. In effect, the con- 
ditional probability P that the relative frequency p of 
positive interrogations obtained in the sequence of ” 
interrogations will be yielded in a succeeding sequence 
of length N is required. We consider first a subgroup of 
vy hypothesized probabilities p; which are distributed 
over the closed interval [0, 1] with equal @ priori prob- 
ability yv-. The hypotheses are mutually exclusive and 
the sample v will ultimately be taken sufficiently large, 
infinitely so in the limit, to be exhaustive. 

However, Np positive interrogations may result un- 
der any of the v hypotheses and, if the materialization 
of one of the hypotheses p; were assumed, that of Np 
successes would be independent of a prior history of mp. 
Accordingly, 


ae D (ve) {ads tne} 
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where ({ Np} {p:}, {np}) denotes the conditional prob- 
ability of the simultaneous materialization of Np posi- 
tive interrogations and the hypothesis of p;, given np 
prior successes, and ({p;}{p}), the occurrence of p; 
alone, subject to the same assumption. Applying Bayes’ 
theorem, 
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whence, by substitution and the simplifying, though 
unrestrictive assumption that the p; are uniformly dis- 
tributed, with p;=(¢—1)/», 
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Applying the mean value theorem to the bracketed 
expressions as v becomes indefinitely large, 
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Finally, replacing the 6 functions by their representa- 
tions in terms of [ functions and applying Stirling’s 
theorem to the resultant expression, an adequate ap- 
proximation to P may be readily obtained. That is, 
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so that 
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It follows then that if the subsequent test interval is 
a fixed multiple uw of the sampling period during which 
the relative frequency p was observed, the behavior of 
P is that of (mp(1—p))—/V—2ru(u+1); whence, by 
this standard, the convergence is best if the variance is 
least. On the other hand, the stability of the estimate of 
p over a long sampling interval, as measured by the 
reproducibility of the prior performance, is of interest. 
Accordingly, if NV is large relative to n=k™ In p-, one 
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With respect to the variance o? as a measure of the 
stability or convergence rate of the estimate, if is fixed 
the variance vanishes at the two extremes of the range 
of p and is greatest for p=0.5, about which it is sym- 
metric. However, given a particular Rayleigh source, 
one has n« In p™, and therefore o?« S(P) =p(1—p) 
In p*. The latter function is displayed in Fig. 2, and 
shows the shift in the peak from the center to the near 
vicinity of e!. In any event, the optima discussed 
earlier are in the region of comparatively large disper- 
sion, and one may conclude that the extremes, a very 
large or small sampling rate, are preferable. This would 
suggest that it would be best to program the search in 
such a manner as to initially choose to operate with 
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STABILITY AND CONVERGENCE OF OBSERVATION 
DERIVED PERFORMANCE ESTIMATES 


P(P)~ FIXED SAMPLING INTERNAL PROBABILITY FACTOR =e 
S(P)~ MODIFIED VARIANCE OF POSITIVE INTERROGATIONS = == 


R(P)~ CONVERGENCE TEST FUNCTION =< =< = ame 
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Fig. 2—Estimated or true relative frequency of 
positive interrogations. 


what is presumably one of the extremes, adjusting to 
the optimal mid-region following the achievement of an 
estimate of p. 

To resolve this issue, one may consider the functional 
behavior of P(P)=VJ/(In p7/(1—p))/2+/(2r) which, 
from the analysis leading to (16), is proportional to the 
probability that a subsequent extended test period will 
confirm the estimate. P(P) is displayed in Fig. 2 for a 
subdomain of p, the extremes of which are not shown 
since they are not warranted by the degree of approxi- 
mation involved. It is clear, nevertheless, that small p 
is preferable in this context though, in point of fact n, 
and therefore N, must then assume very large values. 

These considerations may, perhaps, be made clear by 
relating the stability of the estimate to the length of the 
initial period of observation. It will now be shown that 
the ratio of the probability that the relative frequency 
of successes will be reproduced is essentially independ- 
ent of the length of the sampling interval during which 
the estimate of p was arrived at if p is in the vicinity of 
zero or unity. Alternately stated, the convergence to a 
firm estimate is most rapid near the bounds of p. De- 
noting the probability of the likelihood of the frequency 
of successes in the event that » or n+m interrogations 
were involved by the addition of a corresponding sub- 
script, 
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is of interest. Utilizing the gamma function representa- 
tions and their approximation through Stirling’s theo- 
rem, as before, one obtains: 
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It is apparent from the above that the parity between 
the estimates declines rapidly with increasing m, which 
is to be anticipated. More importantly, as may be seen 
in Fig. 2, R(P) goes to unity in the vicinity of p=0 or 1, 
which was to be shown. 


PROGRAMMED DISTRIBUTION ACROSS THE 
SEARCH SUBSPACE 


Specification of the Search Field with Uniform Search 


The unavoidable observation errors require that a 
relative positional search sector of some magnitude be 
designated to the sensory apparatus when carrying on 
discrete data track. Pc, the probability of containing 
the contact under track in the sector, is an increasing 
function of the latter’s size, whereas, all else the same, 
Pp, the probability of detecting it, if it is so contained, 
declines as the sector increases. It will be shown that, 
given the anticipated target distribution, there is a sec- 
tor size which is dependent upon acquisition system 
search capability, as well as the observed positional 
statistics of the contact, which is optimal in the sense 
that the compounded detection probability, P=PcPp 
on a given interrogation, is a maximum. 

In the analysis which follows, the region to be interro- 
gated physically constitutes a cone which, if passive 
search is involved, is of indefinite altitude. In a more 
generalized sense, however, the search region is an 
dimensional space, only some of whose coordinates are 
geometric, since, setting aside implementation factors, 
any a priori known signal characteristics may be used 
for filtering purposes in the detection process. Further, 
while the major portion of this discussion is confined to 
the uniform distribution of search over the indicated 
space volume, as will later be seen, it may be optimally 
allocated in such a manner as to maximize the signal 
energy or integration time over those subdomains in 
which the density of location of the contact is greatest. 

In the case of uniformly distributed search, generally 
applicable theorems may be readily demonstrated. For 
example, if the area density distribution of the contact 
‘s determined over a sequence of discrete observations, 
the probability of a successful interrogation may be 


maximized by bounding the search field with an appro- 
priate equidensity contour if, indeed, an optimum does 
exist. The author? discusses elsewhere the related prob- 
lem when the cumulative probability of detection ap- 
pears as the factor rather than the probability on a given 
interrogation. It is there shown that the compounded 
detection probability is greatest when Pc=Pp if the 
inferred positional distribution of the contact across the 
search field is binormal. Further, it graphically displays 
the results of computations which quantitatively dis- 
play the magnitude of the consequence of departures 
from the optimal search field. It is seen that large im- 
provements can be effected through adjustment of the 
field if, but only if, a reasonable disparity exists be- 
tween the optimal and given fields. 

If the over-all interrogation time is fixed, and 4 is the 
angular region to be searched, the admissible integration 
time is inversely proportional to A so that, from the ear- 
lier analysis, Pp = exp (—K A). Accordingly, 


JO = JeglPix = || [ f. 0) pdpdé 
0 0 


K Qa 
“exp |- =f rao, 
0 


where f(p, 0)pdpdé is the observation determined den- 
sity function and r=r(@) is the required contour, each 
in polar coordinates. In practice, the functions involved 
are well-behaved, and the mathematical operations 
which follow are admissible. Utilizing the customary 
arguments of the calculus of variations, replacing r by 
7 =r+Bn, where n=7(0@) is an arbitrary function, and 
forming dP/d8, the extremals are given by 


(19) 


2 


OMeeee f  nf(r, 6) rd8 
0 


K Qa 20 
— PcK exp |- Fs { rao | { nrdo 
0 0 


3N. S. Potter, “The Controlled Rendezvous of Orbiting Space 
Stations,” (#1483-60), Presented at Fifteenth Annual Meeting, 
American Rocket Society, Washington, D. C.; December, 1960. 


(20) 
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or 


0 - | n{ Pof(r, 0) — PcPpK}rd0. (21) 
0 

The preceding may vanish for arbitrary 7 only in the 
event that the braketed factor is identically null. Pe 
and Pp are herein interpreted as the values assumed by 
these functions of 7 when it is optimally chosen. In any 
event, the resultant equation f(7, 6) =C defines an equi- 
probability contour from which, in theory, 7 may be 
found. 

It may be formally shown by consideration of the 
second variation that the solution so defined is indeed 
a maximum if 0f/dr is negative. However, in that in- 
stance, the one most frequently encountered, it is im- 
mediately clear that it is a maximum since an equiprob- 
ability density contour then describes the minimal 
region, and thereby the greatest Pp, corresponding to a 
given containment probability. More generally, it may 
be shown that the minimal search field is always defined 
by such a contour when, by way of constraint, the prob- 
ability of containment is specified. That is, proceeding 
essentially as above, but using the method of Lagrange 
to introduce the contraint, the extremals of 


2a 


A= rt rdé, givenP ¢ = f(p, 0)pdpd@ = (22) 
0 0 


are defined as the zeros of 


G= ile ar(2— NFlz, 6)) a0, (23) 


where J is an undetermined multiplier. 


Optimally Programmed Nonuniform Search 


The preceding analysis has been primarily concerned 
with search involving signals of reasonably moderate 
amplitude. However, factors other than the interplay 
of signal integration time and the size of the search field 
may be consequential. In particular, the totality of 
available search time may be a significant limiting 
factor. The minimization of the extent of the search 
interval, to reduce energy consumption, the likelihood 
of a reliability failure, or system delays, or the reduction 
of the amount of data to be processed given some mean- 
ingful data handling subsystem bandwidth limitation, 
are representative considerations. 

Fixing the total amount of search expended in a 
given time interval by specifying n, the sum of the in- 
terrogations across every element of the field, 2 is the 
integral of the search pattern density function S(p, 6). 
Generally, the angular dimensions of the contact may be 
expected to be small compared to the scanner resolu- 
tion unit, where the latter is assumed to be essentially 
differential in size, so that S(p, @) is proportional to the 
expected number of interrogations across the object. 
The probability of achieving at least one detection, and 
therefore of accomplishing the acquisition is then 
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1— exp [—S(p, 9) ]. The total probability P of. effecting 
the acquisition is, therefore, 


p = f i f “[1 — eS] f(p, @pdeds, (24) 


where f(p, 8) denotes the probability density with which 
the search field is distributed. 

Mathematically stated, the problem is to select 
S(p, 6) such that, subject to the constraint that the 
total search involved is fixed, P is a maximum. By the 
method of Lagrange, the extremals of 


P= i ‘ f “{[1 — ©] /(p, &) —rS(0,)} odpdd (25) 


are required, in which J is the undetermined multiplier. 
Forming the first variation by replacing S(p, 8) by 
S(p, 9) +Bn(p, 6), 7 being as before an arbitrary func- 
tion, and equating dP /dB| so to zero, one must have 
f(p, 8) exp (—S[p, 6] =X, or S(p, 8) =1n (f(p, 9) /A). Since 
S(p, @) is a density function and therefore positive, 
S(o, 8) must vanish for f(p, 8) <d, where A is determined 
by the constraint 


me if i le Ee b) | edd, st 
\ = exp (-- E =2 J fonse. ®ndo|), 


the integral being taken over that portion of the plane 
D possessing area A for which the integrand is positive. 

To quantitatively appraise this consideration, let it be 
assumed, as before, that the errors are normally and 
independently distributed in elevation and azimuth 
with equal standard deviations a. Then, 


(26) 


jlo, 0) =—— eer 
21a? : 


S(p, 0) = — \ + In (mos) (27) 


Assuming 270? will not exceed unity, the subdomain 
of the plane for which S(p, 6) is not identically null is 
the interior of the circle p=a{2 In (2mdo2)-1} 1/2, or no 
extremal other than S(p, 6) =0 exists. The latter con- 
tradicts the constraint on the totality of search unless 


n=0, and correctly corresponds, therefore, to the 
trivial minimum P=0 in that instance. From 


Qn ov [2 In (27X07) 4] p? 
n= — if { (% + In (2n*)) pdpdé 
0 0 20? 


To” 


= oC In? (27\o?) (28) 


whence A = (2r0eU/9Y/™)—-1, and S(p, 6) is given by the 
two branch functions 
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S(p, 8) 


1 n p” 
i ~(4/~ -=), [0< p< V(20vV(n/z))] (29) 
0, [V(2Q0V(n/m)) <p]. 


It follows that, as reason suggests, the greatest effort 
should be allocated to the region in the vicinity of the 
origin in which the probability density of location is 
greatest. Further, the desired optimal search effort is 
seen to decline parabolically to zero. 

Substituting \ and the optimal S(p, 6) into (25), the 
greatest attainable P is found to be 


1 
P=Po-e*s-exp| — f [nfo Node | (A + n) (30) 
AdpD 


from which it is clear that, in the limit, as ” gets large, 
P approaches Ps, where Pe is the probability that the 
contact is contained in the search field D. 

Applying the preceding analysis, Potter* gives a 
quantitative, comparative evaluation of the case of bi- 
normally distributed errors, the results of which estab- 
lish the fact that optimal uniform search is then very 
nearly as efficient as is the nonuniformly distributed 
programmed search discussed above. Since the flexible 
control of a complex search pattern may introduce sub- 
stantial implementation problems, particularly with 
respect to data-handling subsystem bandwidth require- 
ments, it may prove unattractive. One may therefore 
conclude that, in that instance, the adaptive behavior 
is best confined to the use of a variable size search field 
whose dimensions are continuously refined in accord- 
ance with the degree of confidence with which the sta- 
tistics of the predicted position of the contact are re- 
garded. 


4N.S. Potter, “Guidance-control system integration in satellite 
rendezvous,” Proc. Natl. Aerospace Electronics Conf., Dayton, Ohio, 
May 8-10, 1961, pp. 428-435. 
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CONCLUSIONS 


1) Marked optima exist in the distribution of search 
effort which can effect large improvements in the 
information rate concerning a contact or in the 
probability of retention of its track. 

2) In the case of Rayleigh signal sources, the opti- 
mum sampling rates with which an extended space 
volume should be interrogated are readily ascer- 
tained and can be selected if the relative frequency 
of positive interrogations over some time interval 
is ascertained. 

3) The rate of convergence to a stable probability of 
success on an individual interrogation is greatest 
if a search program characterized by a rapid 
sampling rate and a consequent low probability of 
probability of detection on the individual trial is 
employed. 

4) Given the prior determination of the relative posi- 
tional statistics of the contact, if an extremal exists 
the uniformly interrogated search field which is 
optimal in the sense that the product of the con- 
tainment and detection probabilities is greatest is 
defined by an equiprobability density of location 
contour. 

5) If a nonuniformly distributed search program is 
pursued and the errors are determined to be bi- 
normally, circularly distributed, the greatest 
effort should be allocated to the region in the 
vicinity of the center of the positional distribu- 
tion, with a parabolic decline to zero in dwell time 
as the periphery of a bounding, circular region, 
whose radius is a function of the standard devia- 
tion, is approached. 
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The Design of a CW Passive Missile Trajectory Measuring System* 


R, AY VOssi 


Summary—Several tests have provided data sufficient to demon- 
strate the feasibility of tracking missiles with a CW passive Doppler 
system. Initial experiments utilized a local television station as a 
target illuminator; later tests examined the capability of such a sys- 
tem as a terminal trajectory measuring device. These latter tests 
showed that the system could be designed to have a multiple-target 
capability. 

An interim high-power system is being installed to determine if 
the techniques established for a low-power system can be extended 
to provide reliable coverage of White Sands Missile Range (WSMR). 
Some improvement of these techniques is anticipated, and, in addi- 
tion, certain tests will employ spaced receivers operated as radio 
interferometers. 


INTRODUCTION 
i PASSIVE missile tracking system is here defined 


as one which requires a ground transmitter to 

illuminate the missile but does not require an 
airborne radiator or reradiator. A conventional mono- 
pulse radar operating in the skin track mode thus be- 
comes a passive tracking system by this definition. An 
inherent advantage of a CW passive system, Doppler or 
interferometer, is high precision. 

Passive systems have certain other advantages. Elim- 
ination of an active radiator or reradiator from the 
vehicle provides an obvious gain in system reliability, 
since phase-locked transponders, for example, are com- 
plex devices and operate in a very severe environment. 

There appears to be a second significant advantage for 
systems in which a Doppler cycle count is accumulated 
from a single reference point. This advantage is that a 
spinning passive missile is not as likely to introduce extra 
cycles as is an active missile with anisotropic receiving 
and transmitting antenna patterns. 

These advantages prompted the initiation of a study 
to investigate the feasibility of a CW passive missile 
tracking system. The purpose of this paper is to describe 
the tests which have demonstrated the feasibility of a 
passive Doppler system and to describe the interim 
high-power system now being installed, together with 
the planned tests utilizing this system. 


SYSTEM PARAMETERS 


Ideally, any missile tracking system should provide 
continuous, high-accuracy data from launch to impact. 
In effecting the design of a CW passive missile trajec- 
tory measuring system, many parameters must be exam- 
ined to insure the fulfillment of this requirement. These 
are best described by considering the radar equation! 


* Received by the PGMIL, July 17, 1961. 

t Electronic Trajectory Systems Branch, Range Instrumentation 
Dey. Div., Integrated Range Mission, White Sands Missile Range, 
New Mexico. 

*L. Ridenour, Ed., “Radar System Engineering,” M.I.T. 
Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New SOL KNOY Vols 
1, pp. 21-22; 1947, 
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In the case where the transmitter and receiver are sepa- 
rated, (1) becomes 


PG; o G,d 
je. 
4a Ry?/ \4arRo? 4a 


S=received signal power, 

P=transmitter power, 

G,=gain of transmitting antenna, 

G,=gain of receiving antenna, 
AR, =distance between transmitter and target, 
R,=distance between receiver and target, 

o =target cross section, 

\ =wavelength. 


where 


To maximize the power incident on the receiving 
antenna, it is clear that the factors appearing in the 
numerator should be as large as possible, while those in 
the denominator are to be minimized. Thus, for exam- 
ple, the power radiated by the transmitting antenna is to 
be as high as practicable. 

The selection of an optimum operating frequency is 
affected by several principal factors.? The effective cap- 
ture area of the receiving antenna, given by the last 
parenthesized quantity appearing in (2), is inversely 
proportional to the square of the frequency. On this 
basis, the choice of a low operating frequency is indi- 
cated. 

The signal-to-noise power ratio at the output of the 
receiver is obtained by multiplying (2) by go, the gain 
of the receiver, and dividing by N= FgokTB, the noise 
power at the receiver output. These operations yield the 
relation 


S PG;:God?2 
N  (4m)?(RiRo)?FRTB 


(3) 


Another reason for choosing a low operating frequency 
is demonstrated by (3); the receiver bandwidth, which 
must increase with frequency, because of correspond- 
ingly higher Doppler frequencies, should be minimized. 

The equivalent black body temperature of cosmic 
and galactic noise incident on the receiving antenna is 
given by? 


bo = Af-28. (4) 


* BRL Memo. Rept. No. 1220, pp. 78-87; July, 1959, 
* Tbid., p. 81, 
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This equation shows that ¢, decreases rapidly with fre- 
quency. According to (3), it would seem that a high 
operating frequency might optimize S/N; however, more 
is lost by the decreased effective capture area than what 
is gained by the decreased noise temperature. 

S/N is seen to decrease with receiver noise figure. 
Conventional vacuum tube preamplifiers having a noise 
figure of 2 db are the state-of-the-art; using parametric 
amplifiers, an improvement of 1 db is possible.* 

In (3), o is the radar cross section of the target. As 
might be expected, the problem of determining ¢ can be 
treated analytically in only a few simple cases; 1.¢., 
where the target is a simple geometrical figure such as 
a sphere or a flat plate.® It is worthy of note, however, 
that for a given incident radiation and target configura- 
tion, a unique scattering pattern exists, even though 
it defies analytical treatment. The approach that will be 
taken here, for the purpose of designing a system, is to 
assign ¢ a value sufficiently small so that for the smallest 
target of interest the capability of the system will not 
have been overestimated. Such a value is on the order 
of 0.1 square meter. 

The minimum usable S/N ratio is somewhat depend- 
ent on the modulation techniques employed; in practical 
system design, a value of 15 db is considered realistic.® 
If a phase-locked tracking filter is employed, assuming 
that a tracking bandwidth of 10 cps is adequate, a 
minimum S/N ratio of approximately —25 db is us- 
able.” 


FEASIBILITY TESTS 


The tests conducted initially were designed only to 
demonstrate the feasibility of a passive Doppler system. 
A very modest receiver was constructed out of com- 
mercially available components; a block diagram of 
this equipment is shown in Fig. 1. A local television sta- 
tion was utilized as a target illuminator. Numerous 
recordings were made of signals reflected from aircraft 
operated near the receiver station. Data were also re- 
corded on several missile firings; Fig. 2 is a portion of 
one such record. The strength of the reflected signals 
was on the order of 1 pv at the receiver input, 1 ~ 80,000 
m, and R:~8000 m. More extensive tests using this 
system were not attempted, since using the TV station 
as a signal source permitted only limited coverage. The 
test results clearly indicated, however, that the system 
warranted further investigation. 


INVESTIGATION OF TERMINAL TRAJECTORY 
MEASURING CAPABILITY 


After the completion of the feasibility tests, experl- 
ments were conducted to investigate the capability ofa 


4 BRL Tech. Note No. 1354, pp. 8-9; October, 1960. 

5D, Kerr, Ed., “Propagation of Short Radio Waves,” M.I.T. 
Rad. Lab., Ser., McGraw-Hill Book Co., Inc., New York, N. Y., vol. 
13, pp. 445-470; 1951. 

6. P. Yeh, “Communicating in space,” Electronic Industries, 
vol. 18, pp. 56-57; February, 1959. 

7 BRL Memo. Rept. No. 1173, pp. 5-6; October, 1958. 


Voss: CW Passive Trajectory Measuring System 


371 


67.25 mc 
67.25 me + Fy 


Ww 
RANSMITTER 


32 mc | AMPLIFIER iaey 


met Fy 


2nd AUDIO OSCILLOGRAPH 
LFLAMPLIFIER |37me*] DETECTOR F, AMPLIFIER |F, RECORDER 
+F 
d 


Fig. 1—Equipment used in feasibility tests. 
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Fig. 2—Sample of Doppler data collected during feasibility tests. 


passive Doppler system used as a terminal trajectory 
measuring device. For these tests, a transmitter and one 
receiver, separated by 2370 m, were set up in an impact 
area. A block diagram of the equipment used in these 
tests, most of which had been previously used in the 
DORAN (DOppler RANging) system, is shown in Fig. 3. 

The rate of change of phase difference between the 
direct signal from the transmitter and that reflected 
from the target (frequency difference) was recorded on 
several missiles during the terminal portions of their 
trajectories. A section of one such record is shown in 
Fig. 4. The Doppler cycle count was accumulated over 
one-second intervals; the loop range change during any 
given interval was calculated from the well-known re- 
lationship 


ALN, (5) 
where 


AL =loop range change, 
\=wavelength, : 
n=number of Doppler cycles recorded during the 
interval. 


Comparisons made between these results and DOVAP 
(DOppler Velocity And Position) data are given in 
Fig. 5. The greater portion of the difference between 
the curves has been attributed to errors in the DOVAP 
system, which was subject to poor geometry and less 
favorable propagation paths than the passive system, 
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Fig. 3—Equipment used in terminal trajectory measurements. 


AMALIA AAAAAAAA AAA AAA AAAAAAAAA, 


Fig. 4—Sample of Doppler data recorded during terminal trajectory 
experiments. 
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Fig. 5—Comparison of passive and DOVAP data. 


Data were also collected on two missiles fired one 
second apart; Fig. 6 shows a portion of this record. Close 
inspection reveals the separate signals; it was found 
that a tracking filter could easily lock on either one. 
In addition, the passive Doppler data were not notice- 
ably influenced by missile spin. 

The conclusion based upon the results of the previous 
tests is that a passive Doppler system is feasible; further, 
that it can meet the requirements for a terminal tra- 
jectory measuring device, and that it has the capability 
of multiple-target tracking. The use of an interim high- 
power system, now being installed at WSMR, will serve 
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Fig. 6—Superimposition of two Doppler signals. 


to extend the techniques developed in the more limited 
tests to the design of an operational passive Doppler 
system for the Range. 


THE INTERIM SYSTEM 


The target illuminator for the interim system is the 
50-kw FM transmitter used previously in the BRL 
(Ballistic Research Laboratories, Aberdeen Proving 
Ground, Md.) DOPLOC (DOppler Phase LOCk) sys- 
tem. This transmitter is modified to provide an un- 
modulated CW output and will be operated at 108 Mc. 

The Minitrack antennas, also used in the DOPLOC 
system, have been redesigned to provide suitable radia- 
tion patterns. Fig. 7 is a photograph of the antennas as 
they were used at Fort Sill, Oklahoma; a drawing of the 
antenna to be used in the interim system is shown in 
Fig. 8. Two of these arrays will provide adequate cover- 
age. Radiation patterns, together with the equations 
on which the pattern computations were based, are pre- 
sented in the Appendix. 

A block diagram of the receiver is shown in Fig. 9. 
The IF signal, containing the Doppler information, is 
mixed with a locally generated bias frequency; and 
through detection action and suitable filtering, the out- 
put frequency of the receiver is made to be the sum of 
the bias and Doppler frequencies. This signal is then 
recorded on magnetic tape in a format acceptable to 
automatic cycle counting equipment used by the data 
reduction facilities at WSMR. 

Previous tests have shown that the reflected signal is 
easily mixed with the direct signal from the transmitter 
in a single RF channel, yielding the Doppler output. 
With the present system, it is conceivable that the re- 
ceiver would be located in a weak transmitter field. In 
such a situation, mixing the reflected signal with a 
locally generated signal having exactly the transmitter 
frequency would enhance receiver performance. At the 
present time, a receiver having a wide dynamic range, 
permitting operation in a strong transmitter field, is 
under development by BRL. This receiver will be con- 
sidered for use in the passive system. 
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Fig. 7—Minitrack antennas. 
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Fig. 8—Interim system transmitting antenna. 


The range capability of the system as a function of 
target cross section can be determined by solving (3) 
for Ri Rs. 

PGG,\’o 


iP? 
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For the interim system, this equation reduces to 


RiRy = 2.9 X 10% /o (m?). (7) 


A plot of RiR2 vs ¢ is shown in Fig. 10. 

A few tests will be devoted to an investigation of a 
passive interferometer-type system. Measurement of 
the phase difference between the reflected signals arriv- 
ing at two spaced receivers will provide target direction. 


CONCLUSIONS 


Initial tests have proven the feasibility of a passive 
Doppler system for missile tracking; further, that data 
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Fig. 10—Range product vs target cross section. 


are not appreciably affected by missile spin, and that 
such a system has multiple-target tracking capability. 

Future tests will investigate the workability of a 
passive interferometer system and will also serve to ex- 
tend the techniques established in the earlier tests. 

The advantages of a passive system are increased 
reliability and high precision. The major drawback of 
the system is the high transmitter power that is re- 
quired. 

The product of the effort will be the detailed specifi- 
cations for an operational CW passive trajectory meas- 
uring system. 


APPENDIX 
ANTENNA ARRAY DESIGN 


The relative field strength pattern for a rectangular 
array consisting of a number of identical radiators 
equally spaced along the x, y, and 2 axes, carrying equal 
currents, with constant phase difference between ad- 
jacent radiators along any one axis, can be described 


by® 
relative field strength 
sin [na(a cos ¢ cos. + b)| 
n sin [x(a cos ¢ cos 8 + b) | 
sin [Vr(A sin ¢ cos 6 + B)| 
‘Wsin [(A sin ¢ cos 8 + B)| 
sin [nr(a sin 6 + 8) | 
- sin [za sin 6 + 8)] 


(8) 


sf, E, Terman, “Radio Engineers’ Handbook,” McGraw-Hill 
Book Co., Inc., New York, N. Y., pp. 797-798; 1943. 
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where 


n, N,n=number of radiators along the x, y, and g 
axes, respectively. 
a, A, w=radiator spacing (in wavelengths) along x, y, 
and g axes, respectively. 
b, B, B=phase difference (in cyles) between radiators 
along x, y, 2, respectively. 
6 =angle with respect to xy plane. 
g=angle with respect to xz plane 


In accordance with the method of images, the effect 
of the ground screen, as shown in Fig. 11, is to produce 


Fig. 11—Equivalent dipole configuration. 


an image array of radiators the same distance below 
the screen as the actual radiators are above it. More- 
over, the phase difference between the currents in the 
image and real radiators is 180°. Setting 


i Ne TA: a) 
a= 1/2 Ao= 5) 4 a = 3/4 
by = aa) = 1/2, 


(8) reduces to 
relative field strength 


sin [x cos ¢ cos 6] 


Tv 
2 sin es cos @ cos 8 


sin |3m sin ¢ cos 6] 


[ 
. T . 
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sin EG sin @ + 1) | 
2 
Tv 
2 sin E (s sin @ + 1) | 


The individual radiators composing the array are slot 
antennas. Representing these by equivalent \/2 di- 
poles, the radiation patterns in the xz and yz planes 
are given, respectively, by (10) and (11). 


(9) 


Relative field strength 
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4 sin 0 
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ig Wf oe 
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2 BND 
relative field strength 
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i sin E (= sin 6 + 1) | 
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Plots of these equations are shown in Figs. 12 and 13. 
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Fig. 12—Relative field strength pattern in xz plane. 
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Fig. 13—Relative field strength pattern in ys plane. 
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In June, 1958, LCDR Bailey was trans- 
ferred to the Pacific Missile Range Staff as 
a Missile Fight Safety Officer in the Range 
Safety Office. His major projects during the 
past two years have been the Atlas/Agena 
Satellite System, Atlas ICBM, and Titan 
ICBM. The primary role in these projects is 
to conduct the range-safety functions during 
the countdown, monitor the missile flight, 
and destroy the missile should it become 
necessary. 


Richard C. Barbera was born in Boston, 
Mass., on March 26, 1929. He received the 
B.S. degree in physics from Massachusetts 
Institute of Tech- 
nology, Cambridge, 
in 1948, and the M.A. 
degree in physics in 


1950 from Bryn 
Mawr College, Bryn 
Mawr, Pa. 


From 1948 to 1950 
he was an Instructor 
in freshman and 
sophomore _ labora- 
tory physics at Bryn 
Mawr College, Bryn 
Mawr, Pa. From 
1950 to 1953 he was Associate Spectroscop- 
ist at the University of California at Los 
Angeles Medical School, where he engaged in 
infrared absorption and emission spectro- 
graphic analyses of biological and mineral 
samples for assessment of damage due to 
atomic blasts, radiation and heat. From 1954 
to 1956, as a physicist with Tracerlab, 
Waltham, Mass., he worked on the design 
and construction of very-high-sensitivity 
mass spectrometers for heavy-element iso- 
tope analysis, and the development of infra- 
red spectroscopic techniques for analysis of 
deuterated compounds. Since 1956 he has 
been a Senior Engineer with Raytheon Com- 
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pany, Bedford, Mass., where he has been 
engaged in the design and evaluation of in- 
frared and optical systems for air to air 
inissiles, AICBM applications, infantry and 
naval warfare. 

Mr. Barbera is a member of Sigma Xi 
and IRIS. 
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Richard B. Barrar (M’57) was born in 
Dayton, Ohio, on October 12, 1923. He 
received the B.S. and M.S. degrees in physics 
in 1947 and 1948, 
respectively, and the 
Ph.D. degree in 
mathematics in 1952, 
all from the Univer- 
sity of Michigan, Ann 
Arbor. 

From 1954 through 
1957 Dr. Barrar was 
with the Hughes Air- 
craft Company, Cul- 
ver City, Calif. work- 
ing on electromag- 
netic theory and an- 
tenna and radome design and theory. In 
1957 he joined the Hoffman Electronics 
Corporation, Los Angeles, Calif., where he 
was engaged in the design of antennas for 
meteor scattering. Since 1958 he has been 
with the System Development Corporation, 
Santa Monica, Calif., applying large-scale 
digital computers to the solution of physical 
problems, mainly in the calculation of satel- 
lite trajectories. 

Dr. Barrar is a member of Sigma Xi, Phi 
Kappa Phi, the Society for Industrial and 
Applied Mathematics and the American 
Mathematical Society. 
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David K. Barton (S’49-A’50-M’55- 
SM’59) was born in Greenwich, Conn., on 
September 21, 1927. He received the B.A. 
degree in physics 
from Harvard Uni- 
versity, Cambridge, 
Mass., in 1949. 

From 1949 to 1953 
he worked as an elec- 
tronic engineer with 
the White Sands Sig- 
nal Corps Agency in 
the planning, devel- 
opment and installa- 
tion of the radar sys- 
tem used in tracking 
of guided missiles at 
the White Sands Proving Ground, White 
Sands, N. Mex. From 1953 to 1955 he 
was a project engineer with Evans Signal 
Laboratory in Belmar, N. J., responsible 
for development contracts on radar beacons 
and related equipment. In 1955 he assumed 
his present position as a systems engineer 
with the RCA Missile and Surface Radar 
Department in Moorestown, N. J. He has 
worked on system design and evaluation of 
several modern search and tracking radars, 
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including the AN/UPS-1, AN/FPS-16, and 
the AN/FPS-49 tracker for the BMEWS 
system. In 1958 he received the David W. 
Sarnoff award for outstanding achievement 
in engineering, based upon his contributions 
to precision tracking radar. He has presented 
papers at national conventions and sym- 
posia and was one of the principal lecturers 
at the 1960 and 1961 Special Summer Course 
in Modern Radar Techniques, sponsored by 
the Moore School of Electrical Engineering 
of the University of Pennsylvania, Phila- 
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Randolph A. Becker was born in Bowler, 
Wis., on December 29, 1924. He received the 
B.S. degree in physics in 1949, and the M.S. 
degree in physics in 
1953, both from the 
Texas College of 
Arts and Industries, 
Kingsville, Tex. 

In 1950 he was 
associated briefly 
with the Department 
of Astronomy at the 
University of Chicago, 
Chicago, IIl., serving 
as an observing as- 
sistant on the 82- 
inch telescope at the 
McDonald Observatory, Fort Davis, Tex. 
In October, 1950, he entered the field of 
missile instrumentation at White Sands 
Missile Range, White Sands, N. Mex. In 
January, 1957, he took charge of the Optical 
Research Section of the newly formed Range 
Instrumentation Development Division at 
WSMR. His work has been concerned with 
research on long-range visibility of missiles 
and satellites, optical turbulence, and tele- 
vision and infrared applications to missile 
instrumentation. He was a co recipient of a 
WSMR Special Act or Service Award for 
studies performed on Nike-Zeus instrumen- 
tation problems. In 1961, he was employed 
as a Senior Research Engineer with the 
Space Optics Group, Jet Propulsion Lab- 
oratory, California Institute of Technology, 
Pasadena. 

Mr. Becker is a member of the Optical 
Society of America. 
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Gus F. Bigelow (M’58) was born in El 
Paso, Tex., on July 16, 1932. He received 
the B.S.E.E. degree from Texas Western 
College, El Paso, 
in 1953. 

After graduation 
he joined the Sperry 
Gyroscope Company, 
Great Neck, N. Y., 
in the Missile Test 
and Analysis Group. 

Since 1954 he has 
been with the White 
Sands Missile Range, 
White Sands, N. 


Mex., where he has 
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been engaged in radar and telemetry instru- 
mentation development and research, and 
where he is presently Chief of Telemetry 
Research Section. 


Robert D. Coleman was born in Lub- 
bock, Texas, on March 6, 1931. He received 
the B.S.E.E. degree from Texas Techno- 
logical College, Lub- 
bock, in 1956. 

He has been em- 
ploved since 1956 at 
the Naval Ordnance 
Test Station, China 
Lake, Calif., where 
his work has included 
electronic circuit de- 
sign, servomechan- 
ism analysis and ana- 
log-computer simula- 

R. D. COLEMAN tion studies. Since 

1958 he has been en- 

gaged in the electronic and logical design of 

digital computer systems for the Data Auto- 
mation Branch of the Station. 

Mr. Coleman is a member of Kappa Mu 
Epsilon and Tau Beta Pi. 


Richard A. Enstrom was born in Pitts- 
burgh, Pa., on March 4, 1930. He received 
the B.A. degree in mathematics from Wash- 
ington and Jefferson 
Coilege, Washington, 
Ray, in 19525 

After serving for 
four years as an elec- 
tronic technician in 
the U. S. Navy, he 
joined Westinghouse 
Electric Company, 
Baltimore, Md., in 
1956 in the Systems 
and Analysis Section 
of Radar Engineer- 
ing, where he has 
been engaged in the mathematical analysis 
of problems arising in the design of radar 
systems. 
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Ralph Deutsch (S’41—-A’43-SM’54) was 
born in Boston, Mass., on Novetnber 17, 
1919, He received the B.S. degree in physics 
and the M.A. degree 
in mathematics from 
the University of 
Michigan, Ann Ar- 
bor, in 1941 and 1950, 
respectively, and the 
M.S. degreein physics 
from George Wash- 
ington University, 
Washington, D. C. in 
1947. 

He has worked as 
an applied physicist 
in radar system re- 
search and development at the Naval Re- 
search Laboratory, Washington, D. C., the 
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National Bureau of Standards, Washing- 
ton, D. C., and Sperry Gyroscope Cor- 
poration, Great Neck, N. Y. From 1948 to 
1952 he served on the Electrical Engineering 
faculty of the University of Michigan, and 
headed a Noise and Information Theory 
Group at the Willow Run Laboratories, Ann 
Arbor, Mich. In 1952 he joined the Hughes 
Aircraft Company, Culver City, Calif., 
where he worked on the application of statis- 
tical communication theory to radar system 
development. Concurrent, he was a lecturer 
at the University of Southern California, 
Los Angeles, conducting graduate courses in 
mathematics and electrical engineering. He 
was employed by the Philco Research Lab- 
oratories, Philadelphia, Pa., in 1957, as re- 
search manager for advanced system tech- 
niques. In 1958 he joined the System Devel- 
opment Corporation where he was engaged 
in research on space sciences. He is now a 
member of the technical staff of the Space 
Systems Division, Hughes Aircraft Co. 

Mr. Deutsch is a member of the Ameri- 
can Mathematical Society. 


J. N. Faraone (M’60) was born in Ber- 
wyn, Ill., on April 5, 1930. He received the 
B.S.E.E. and M.S.E.E. degrees from the 
Illinois Institute of 
Technology, Chicago, 
in 1951 and 1958, re- 
spectively. 

From 1951 to 1954 
he was with the Bell 
Aircraft Corporation, 
Buffalo, N. Y., and 
thenserved two years 
in the U. S. Army. 
In 1956 he joined the 
Armour Research 
Foundation of the 
Illinois Institute of 
Technology, Chicago, where he is Supervisor 
of the Communications and Radar Section. 
His major work has been in the field of radar 
and guidance systems. 

Mr. Faraone is a member of Tau Beta Pi 
and Eta Kappa Nu. 
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David Fryberger (M’59) was born in 
Duluth, Minn., on February 22, 1931. He 
received the B.E. degree in electrical 
engineering from 
Yale University, New 
Haven, Conn., in 
1953. 

In 1954 he joined 
a carrier-based_air- 
borne early-warning 
squadron where he 
remained for three 
years as an electron- 
ics officer in charge of 
operation and main- 
tenance of airborne 
phe radar systems. After 
joining the Armour Research Foundation, 
Chicago, IIl., he participated in the design 
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of instrumentation for the measurement of 
low-level RF power and voltage. He has also 
performed theoretical analyses upon the 
feasibility of determining profiles of tem- 
perature and water vapor vs height from 
ground measurements. At the present time 
he is project engineer for a study of at- 
mospheric electricity. 

Mr. Fryberger is a member of Tau Beta 
Pi and an associate member of Sigma Xi. 


T. Burr Jackson (SM’55) was born in 
Penn Yan, N. Y., on January 4, 1919. He 
received the B.S.E.E. degree from Tri-State 
College, Angola, 
Ind., in 1941. 

From 1941 to 1942 
he was employed by 
the Eastman Kodak 
Company, Roches- 
ter, N. Y., where he 
worked on the devel- 
opment of automatic 
electronic measure- 
ment and _ control 
equipment related to 
film processing. He 
joined the Centimeter 
Wave Research Section of the U. S. Naval 
Research Laboratory, Washington, D. C., in 
June, 1942, and was assigned to the design 
and development of radar display and con- 
trol equipment. He became Head of the 
Indicator Group in 1944, and in 1947 par- 
ticipated in the NRL eclipse expedition into 
the South Atlantic. In 1948 he transferred 
to the Instrumentation Division, National 
Bureau of Standards, Washington, D. C., 
to become Head of the Telemetry Group, 
and in 1951 moved with the division to the 
Corona, Calif., facility of the National 
Bureau of Standards. The facility was in 
turn transferred to the Navy in 1952 and 
became known as the Naval Ordnance Lab- 
oratory, Corona, Calif. He was appointed 
Head, Instrument Application Branch, and 
Assistant Head, Instrumentation Division, 
NOLC, in 1952. He has been responsible for 
the planning and coordination of projects 
involving the design, development, pack- 
aging, evaluation and application of telem- 
etry and automatic data-reduction systems, 
and is presently working actively in the 
coordination of telemetry changeover from 
VHF to UHF operation. 
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Sidney Kazel (S’54—-A’55) was born in 
Chicago, IIl., on June 22, 1930. He received 
the A.B. degree from the University of Chi- 
cago in 1950, the 
B.S.E.E. degree from 
the Illinois Institute 
of Technology, Chi- 
cago, in 1953, 
and the M.S.E.E. 
degree from Stanford 
University, Stanford, 
Calif., in 1954. 

He has been em- 
ployed by the Ar- 
mour Research Foun- 
dation of the Illinois 
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Institute of Technology since 1954, where 
he has been engaged in the fields of commun- 
ications and radar theory. 

Mr. Kazel is a member of Eta Kappa’ Nu 
and Tau Beta Pi. 


Robert T. Merriam (A’49—M’57-SM’59) 
was born in Phoenix, Ariz., on April 23, 1908. 
He attended the School of Science and 
Technology, Pratt 
Institute, Brooklyn, 
Nee Yew trom 1933 ito 
1935. 

He has been ac- 
tive in radio com- 
munications and elec- 
tronics since 1927, 
and in guided-missile 
telemetry since 1945. 
From 1945 to 1947, 
he was a staff assist- 
ant in the Telemetry 
Group at the Applied 
Physics Laboratory, the Johns Hopkins 
University, Silver Spring, Md. In 1947, he 
transferred to the Test Department of the 
Naval Ordnance Test Station, China Lake, 
Calif. Since 1956 he has been a member of 
the Telemetry Working Group of the Inter- 
Range Instrumentation Group, serving in 
1958 as Chairman and in 1961 as Vice Chair- 
man. At present he is Head of the Timing- 
Telemetry Branch, Test Department, NOTS. 

He is a senior member of the Instrumen- 
tation Society of America. 
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Allan R. Metzler was born in Fresno, 
Calif., on May 15, 1930. He received the 
B.S. degree in physics from Fresno State 
College in 1952, then 
did postgraduate 
work at the Univer- 
sity of Maryland, 
College Park, until 
1955. 

He has been a 


physicist with the 
U. S. Government 
for the past ten 


years, with the ex- 
ception of three years 
of active duty as a 
Naval officer in div- 
ing, underwater photography, and project 
work. His entire professional career has been 
concerned with various phases of missile 
component design and testing, underwater 
instrumentation, and underwater weapons 
testing. Recent work of particular interest 
has been the over-all design philosophy, co- 
ordination, and installation of the modified 
underwater range instrumentation and con- 
trol complex at San Clemente Island, which 
culminated in the first successful Polaris live 
missile firing. 

He was associated with the National 
Bureau of Standards, Washington, D. (Gn, 
from 1951 to 1953, and the Diamond Ord- 
nance Fuze Laboratory, Washington, iD (ey 
from 1953 to 1955. From 1956 to 1958, he 
was a Lieutenant in the U. S. Navy sta- 
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tioned at the Naval Photographic Center, 
Anacostia, D. C. He is presently the Senior 
Member of the Range Instrumentation De- 
velopment Branch (Test Department) of the 
U.S. Naval Ordnance Test Station at Pasa- 
dena, Calif. 

Mr. Metzler is a member of the Society 
of Photographic Scientists and Engineers. 
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William E. Mimmack was born in Eaton, 
Colo., on August 22, 1926. He received the 
B.A. degree in physics from the University 
of Colorado, Boulder, 
in 1950 and did grad- 
uate work at the 
University of New 
Mexico, Albuquerque. 

He served with 
the U. S. Navy from 
1944 to 1946. Since 
1950 he has _ been 
employed with the 
White Sands Missile 
Range, N. Mex. 
He is now a Super- 
visory Physicist in 
the Optical Systems Branch of the Range 
Instrumentation Development Division. 

Mr. Mimmack is a member of Sigma Pi 
Sigma, Alpha Chi Sigma, the American 
Physical Society and the AAAS. 
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Jan K. Moller (SM’57) was born in 
Stockholm, Sweden, on March 25, 1920. 
He received the M.S.E.E. degree from the 
Royal Institute of 
Technology, Univer- 
sity of Stockholm, 
Sweden, in 1945. 

From 1945 to 
1950 he was em- 
ployed by the Stand- 
ard Radio Corpora- 
tion (Swedish ITT 
subsidiary) in Stock- 
holm as a design en- 
gineer. After settling 
in the United States 
in 1950, he served as 
an Electronics Production Engineer with the 
Philco Corporation and the Electronics Di- 
vision of the National Cash Register Com- 
pany until 1955. He then joined Litton In- 
dustries at their main branch in Beverly 
Hills, Calif., to organize instrumentation 
and environmental laboratory facilities. 

Entering the missile systems field in 
1958, he was with Space Technology Labora- 
tories until 1960, when he helped form the 
Space Systems Technology Group of the 
Siegler Corporation, Inglewood, Calif. 

Mr. Moller is a member of the Swedish 
Association of Engineers and Architects. 


J. K. MOLLER 


°, 
o 


Norman S. Potter (SM’58) was born in 
New York, N. Y., on November 5501920: 
He received his undergraduate training at 
Brooklyn College, Brooklyn, N. Y., and at 
the U. S. Naval Academy, Annapolis, Md., 
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where he studied marine and electrical en- 
gineering. He received the B.A. degree in 
mathematical physics from Brooklyn College 
in 1945, and the M.S. 
degree in applied 
mathematics and 
physics from Massa- 
chusetts Institute of 
Technology, Cam- 
bridge, in 1953. He 
continued supple- 
mentary studies at 
M.1.T. and Columbia 


University, New 
York, N. Y., for the 
N. S. PoTTER Ph.D. degree. 


As a member of 
the research staff of Columbia University, he 
was associated with the Manhattan Project, 
where he performed analytic studies in radi- 
ation propagation. Later, asa member of the 
research staff of the Department of Electrical 
Engineering at M.1.T., he worked for some 
years on SAGE system development, elec- 
tron digital-computer logic, data-handling in 
real-time problems, advanced target acquisi- 
tion techniques, and general air defense sys- 
tems analyses. Following this, he was affili- 
ated with The Martin Company for several 
years as a Senior Engineer in the field of ad- 
vanced design, with primary responsibility 
for systems studies in several categories of 
missiles, airborne fire-control systems, mis- 
sile-guidance techniques, and the analysis of 
composite airborne electronics subsystems. 

He then served as a consultant at USAF 
Headquarters in Europe in the field of tech- 
nical evaluation of foreign airborne weapons 
systems. Following his return from Europe, 
he was with the Air Arm Division of West- 
inghouse, Baltimore, Md., where for several 
years as a Fellow Engineer and Weapons 
Systems Group Leader he had primary re- 
sponsibility for systems analyses and de- 
velopment in air-launched guided missiles, 
bomber detection and penetration tech- 
niques, airborne early-warning and _ inter- 
ceptor-borne detection and tracking equip- 
ments, advanced automatic acquisition 
techniques in discrete data systems, and 
operations analysis in large-scale air defense 
system evaluations. 

For some years he was engaged as a con- 
sultant on guided missiles systems to the 
Assistant Chief of Staff, Intelligence, De- 
partment of the Army, and is now affiliated 
with the Maxson Electronics Corporation, 
New York, N. Y. Initially Manager of the 
Weapons Systems Research Laboratory, he 
is now Manager of Systems Analysis, in 
which capacity he is concerned with ad- 
vanced systems studies in all phases of 
military and industrial electronics. 

He is a member of the AAAS, ARS, and 
the IAS. 
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Frank L. Rees was born in London, Eng- 
land, on November 13, 1931. He received a 
Higher National Certificate (equivalent to 
B.S.E.E.) from the South East Essex Tech- 
nical College, England, in 1954, and is at 
present completing his M.S. thesis in math- 
ematics at the University of Maryland, 
College Park, 
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From 1948 to 1950 he was at the General 
Post Office, Telecommunications Section, 
London, England, working on land line 
repeaters. The next 
two years were spent 
in the Royal Air 
Force, where he was 
engaged in radar en- 
gineering. He then 
joined Kelvin and 
Hughes, at their Ma- 
rine Radar Labora- 
tories, Barkingside, 
Essex, England, 
where, until Febru- 
ary, 1957, he worked 
as a Senior Engineer, 
on microwave equipment and IF receivers. 
In February, 1957, he joined the Electronics 
Division of Westinghouse Electric Corpora- 
tion, Baltimore, Md., and worked, until 
June, 1958, on a Doppler height-finder chan- 
nel for a ground radar system. He was then 
transferred, as a Senior Engineer, to the 
Radar Systems Development and Analysis 
Section, where, in April, 1960, he became a 
Fellow Engineer. His interests are in the 
area of applied mathematics, in particular, 
probability calculus and information theory 
as applied to radar. 


Mr. Rees is an associate member of the 
IEE. 


Foe REES 


Kuno M. Roehr (M’60) was born in 
Berlin, Germany, on February 9, 1931. He 
received the Dipl. Ing. degree from the 
Technische — Hoch- 
schule, Stuttgart, 
Germany, in 1956. 

He joined the 
Standard Electric 
Lorenz A.G. in 1956, 
where he was _ in- 
volved in the design 
of a magnetic drum- 
read system, and cir- 
cuit and logical de- 
sign for the ER-56 
Computer. 

Since December, 
1958, he has been with the U. S. Naval 
Ordnance Test Station, China Lake, Calif. 
He is responsible for the advanced develop- 
ment of data acquisition equipment for the 
Naval Ordnance Data Automation Center. 
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Eugene F. Uretz was born in Chicago, 
Ill., on February 13, 1929. He received the 
B.S.E.E. degree from the Illinois Institute 
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of Technology, Chicago, in 1957, and the 
B.S. and M.A. degrees in mathematics from 
the University of Chicago, Chicago, IIl., in 
1950 and 1951, re- 
spectively. 

For the past five 
years he has been 
employed by the 
Armour Research 
Foundation, Chi- 
cago, Ill., where he 
has been working on 
the development and 
analysis of systems. 
Prior to joining the 
Foundation, he 
worked for two years 
as a mathematician at the Ballistics Re- 
search Laboratories of Aberdeen Proving 
Ground, Md. 

Mr. Uretz is a member of Eta Kappa Nu 
and Tau Beta Pi. 
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Robert A. Voss was born in Davenport, 
Iowa, on February 14, 1935. He received the 
B.A. degree in physics and mathematics 
from Augustana Col- 
lege, Rock Island, 
Ill., in 1957, and is 
currently doing grad- 
uate work in physics 
at the New Mexico 
State University, Las 


Cruces. 
He has been asso- 
ciated with the 


Range Instrumenta- 
tion Development 
Division (RID), In- 
tegrated Range Mis- 
sion, White Sands Missile Range, White 
Sands, N. Mex., since 1957. As a member of 
the Electronic Trajectory Systems Branch 
of RID, he has been concerned primarily 
with the development of trajectory measur- 
ing systems. 
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Edward C. Watters was born in Monroe, 
Mich., on February 16, 1923. He received the 
B.S.E.E. degree in 1943, and the M.S. de- 
gree in mathematics in 1946, both from the 
University of Notre Dame, South Bend, 
Ind. He obtained the Ph.D. degree in mathe- 
matics from the University of Maryland, 
College Park, in 1954, while working as an 
Assistant Professor of Mathematics at the 
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U. S. Naval Academy, Annapolis, Md. 

In 1957 he joined the Electronics Di- 
vision of Westinghouse Electric Corporation, 
Baltimore, Md., as a 
Fellow Engineer in 
Radar Engineering. 
A year later he was 
promoted to super- 
visor in charge of the 
Radar Analysis group. 
In 1959 he was made 
an Advisory Engi- 
neer. 

Dr. Watters is a 
member of the Amer- 
ican Association of 
University — Profes- 
sors and The Mathematical Association of 
America. 
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Robert Wisnieff was born in Yonkers, 
N. Y., on May 8, 1924. He received the 
B.S. degree in engineering physics from the 
College of Engineer- 
ing, New York Uni- 
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1948, and the M.A. 
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from Columbia Uni- 
versity, New York, 
N. Y., in 1950. He is 
presently a candidate 
for the M.S. degree 
in electrical engineer- 
ing at N.Y.U. 

During World War 
II, he had _ several 
years experience as a Crew Chief of U. S. 
Army Weather Service Radar-and Electronic 
Weather Observation Stations. He also 
served as a Graduate Assistant at New York 
University, where he was engaged in devel- 
oping instrumentation for automatically re- 
cording the growth of chromatograms. 

In 1951 he joined Norden Division of 
United Aircraft Corporation, Norwalk,Conn., 
where he is presently head of the Tracking 
and Detection Section, Television and In- 
frared Branch. His contributions have in- 
cluded the design of a high-precision optical 
system for transmitting angular information 
about a line of sight, as required in accurate 
aligning systems and torsion-flexure moni- 
toring. He was responsible for the infrared 
detection and tracking components of a com- 
bined infrared and radar bombing system, 
Currently he is technically cognizant for the 
development of the Automatic Television 
Tracking System. * 

Mr. Wisnieff isa member of the American 
Physical Society and Eta Kappa Nu. 
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